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Preface

The search for the elusive dark matter particles continues. WIMPs and axions remain the two most
promising candidates and the worldwide efforts to spot these (or eventually other) particles remain
among the biggest challenges in physics. We do not know when the breakthrough will happen but we
do know already that we are living in an exciting time. After all, our active astroparticle physics com-
munity is aiming for nothing less than to find out how our Universe works, from its early epoch until
the present time. This also includes dark energy, which remains among the biggest mysteries in physics
even though much effort and many ideas are put forward to decipher its nature. Laboratory experiments
along with astrophysical observations, as well as new developments in theory, are pushing to unravel
the unknown.

These exciting topics and many more important aspects of particle and astroparticle physics were openly
discussed between experimentalists and theorists at the 10th Patras Workshop on Axions, WIMPs, and
WISPs. The event took place from June 29 - July 4, 2014 at CERN, the actual birth place of this
workshop series. As in the previous years, it was a very fruitful and lively meeting in an inspiring and
cooperative atmosphere, which allowed for many open and constructive discussions also on controver-
sial topics.

The spirit of the workshop and its atmosphere cannot be brought to paper, but many of its scientific

highlights are collected in these proceedings. We are looking forward to the 11th Patras Workshop,
which will be held in Zaragoza (Spain) from June 21 - 26, 2015.

Marc Schumann, Emmanuel Tsesmelis (Chairman) and Konstantin Zioutas
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Observations are confirming the WIMP paradigm

Csaba Baldzs', Tong Li', and Jayden L. Newstead?

L Centre of Excellence for Particle Physics, Monash University, Melbourne, VIC 3800, Australia
2Department of Physics, Arizona State University, Tempe, Arizona 85287, USA

DOI: http://dx.doi.org/10.3204/DESY-PROC-2014-03 /balazs_csaba

We present a model independent analysis of thermal dark matter constraining its mass and
interaction strengths with data from astro- and particle physics experiments. We show that
the observationally favored dark matter particle mass region is 1-1000 GeV with effective
interactions that have a cut-off in the range of 1-10 TeV.

1 Introduction

We present the results of a model independent analysis of dark matter constraining its mass
and interaction strengths with data from astro- and particle physics experiments. We use
the effective field theory approach to describe interactions of thermal dark matter particles
of the following types: real and complex scalars, Dirac and Majorana fermions, and vector
bosons. Using Bayesian inference we calculate posterior probability distributions for the mass
and interaction strengths for the various spin particles. The observationally favoured dark
matter particle mass region is 1-1000 GeV with effective interactions that have a cut-off at 1-10
TeV. This mostly comes from the requirement that the thermal abundance of dark matter not
exceed the observed value. Thus thermal dark matter in the light of present data implies new
physics most likely under 10 TeV.

2 The effective field theory framework

We follow a minimalistic, model independent approach regarding the microscopic properties of
dark matter. Relying on a few major tenets, we assume

e a single dark matter particle,

e annihilating with its anti-particle,

e reaching its relic abundance by thermal freeze-out.
We represent the interactions between the dark matter particle and standard fermions with
effective, four particle vertices depicted in Figure 1. These interactions can be represented with
a Lagrangian containing all Lorentz and gauge invariant operators of dimension-5 for real or
complex scalar and vector boson, and dimension-6 for Dirac or Majorana fermion dark matter
particles

Ly=> CiOi;. (1)
if

Here C; and O; ¢ denote a set of coefficients and operators relevant to different structures of
X interacting with SM fields. The explicit expressions of C; and O; ; are shown in Table 1 for
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the various spin dark matter particles. For generality we couple the dark matter field to over
all standard fermions f with the exception of the neutrinos.

X f f f f X

X f X X f X

Figure 1: Effective interaction between a dark matter particle y, its anti-particle y, a standard
matter particle f, and its anti-matter partner f. The three different orientation of the same
diagram shows the three different ways of observing dark matter: indirect detection (left), direct
detection (middle) and collider production (right).

3 Constraint on the scale of new physics

Using the effective field theory framework the thermally averaged annihilation cross section of
dark matter into standard fermions can approximately be calculated using

1 o0
Comtiatbang = 7= | Orsgl@)e?2 (e = 4) P (), @

where the function F . (2) and the total annihilation cross section o
for the various dark matter candidates we consider here.

With increasing dark matter mass and inter-
action cut-off scales either the relic abundance be-

o fF are given in Ref. [1]

comes too high or the resulting theory cannot be Model | m, (GeV) | A (GeV)
described as effective. There is thus a maximal DF 3.0 x 10* | 4.7 x 10°
cut-off scale at which the correct relic density can MF 8.8 x10* | 1.4 x 10*
be satisfied in the effective field theory framework. CS 4.5 x 10* | 7.1 x 103

To find the approximate upper limit of the RS 1.1 x 10* | 1.6 x 103
cut-off scale, we take a universal A in all opera- VB 4.8 x 10* | 7.7 x 103

tors for a given dark matter candidate. Then we
perform the integration in Eq. (2) with a typical Table 2: The maximal values for the dark
zp = m, /T = 30 with T being the freeze out tem- matter mass and cut-off scale satisfying
perature. In order to guarantee the validity of the relic density constraint in the five consid-
effective field theory framework, the cut-off scale ered models.

has to be larger than the dark matter mass, i.e.

A > Fx. We thus set m, = 27A in the calcu-

lation. This choice also gives the allowed upper limit of m,. The obtained upper limits of
universal A and m, for the various dark matter models are summarized in Table 2. One can
see that the upper limits of A are at the level of 103 — 10* GeV with the consequent My ~ 104
GeV. The approximate numbers in Table 2 agree well with the more precise values we obtain
numerically. During our numerical analysis we determine the preferred A ranges based on a
micrOmegas calculation of the relic abundance.
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OBSERVATIONS ARE CONFIRMING THE WIMP PARADIGM

Label | Operator O; ; | Coefficient C; Label | Operator O; s | Coefficient C;
DI I AT Mi Xt e
D2 — ims M2 XxFf Tt
D3 st At M3 xxfrsf 7
Di | xvsxFrsf e M4 xS 2,s
D5 | eSS A+ M5 | v s xS T
D6 | XXt x5, M6 | X vsxfnsf g
D7 | xvxfuusf v Label | Operator Oy | Coefficient C;
D8 | xv*vsX S5 S 1\%]3g Rl xx/f 2%121
Label | Operator O; y | Coefficient Cj 12 s/ 21@2
Vi XFxuf f SAF Cl X'xJf Az,
V2 X*Xufsf ;,T\nz‘/fQ C2 X'xfrsf ng
V3 | XPX TS T C3 | oSS v
V4 | XM X s f o CL | X Ouxfr st xE

Table 1: Utilized operators O; ; and coefficients C;, in the context of Eq. (1), for a pair of Dirac
and Majorana fermion (labeled with D1-8 and M1-6), vector boson (V1-4), real and complex
scalar (R1-2 and C1-4) dark matter coupling to SM fermions.

4 Preferred dark matter mass and new phyiscs scale

Using dark matter abundance, direct and indirect detection data we infer the most likely values
of the dark matter mass m,, and new physics scale A;. To find the central value and credibility
interval of the parameter values we use Bayesian parameter estimation. Further details of our
analysis, including our likelihood function, priors and details of the evidence calculation can be
found in Ref. [1].

The resulting posterior probability distributions, marginalized to the minimal cut-off scale
and the dark matter mass, are shown in Figure 2. The minimal cut-off is taken to capture the
dominant operator, contributing the most to the relic abundance or the direct detection cross
section, at each point in the parameter space. As Figure 2 shows a light dark matter mass is
favoured, in the region of 10-100 GeV. The scale where new physics cuts off the effective theory
is predicted to be 103 — 10* GeV at 1o credible level.

5 Acknowledgments

The work of C.B. and T.L. was supported by the ARC Centre of Excellence for Particle Physics
at the Terascale. J.N. was supported by an Australian Postgraduate Award and the U.S. DOE.
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Figure 2: Posterior probability distribu-
tion marginalized to the minimal A scale and
the mass of the dark matter particle. The
light and dark regions show the 1 and 20
credible regions, respectively. The red line
indicates A = % The frames correspond to
RS, CS, DF, MF, and VB dark matter candi-
dates, respectively. According to these results
a light dark matter mass is favoured obser-
vationally, in the region of 10-100 GeV. The
scale where new physics cuts off the effective
theory is predicted to be 10% —10* GeV at 1o
credible level.

References

min (Agy) [GeV]

CSABA BALAZS

10° 104 10°

m,[GeV]

[1] C. Balédzs, T. Li and J. L. Newstead, JHEP 1408, 061 (2014) [arXiv:1403.5829 [hep-ph]].

104
= i
310
g 107
=]
10!
100 T 5 g T 5 6
10° 10 102 10° 10 10° 10
m,[GeV]
10°
10*
g 103
<
= 107
g
101K
100 @) T = 3 4 s 6
10 10 102 10° 10 10° 10°
m,[GeV]
PATRAS 2014



Status of the XENONI1T Dark Matter Search

Daniel Coderre' for the XENON Collaboration

! Albert Einstein Center for Fundamental Physics (AEC), Bern, Switzerland
daniel. coderre@lhep.unibe.ch

DOI: http://dx.doi.org/10.3204/DESY-PROC-2014-03/coderre_daniel

The XENONIT experiment is under construction at the Laboratori Nazionali del Gran
Sasso in Italy. Building on an extremely successful program pioneered by the XENON10
and XENON100 experiments, XENONI1T will provide the most sensitive measurement of
the spin-independent WIMP-nucleon cross section to date, reaching sensitivities down to
2 x 107*"cm? after two years of data taking. We report on the design of the experiment
as well as the current status of construction. The commissioning phase of XENONI1T is
expected to start in early 2015.

1 Dark Matter

Dark matter is postulated to be a new form of non-luminous matter that interacts very weakly
with visible matter [1]. To date there is no direct evidence of the existence of dark matter
particles. However there exists a wealth of indirect evidence that makes the inference of some
of the properties of dark matter possible. This evidence includes the rotation curves of galaxies,
the interaction of galaxy clusters, gravitational lensing measurements of galactic collisions, and
precision measurements of the cosmic microwave background.

Several interpretations have been suggested to explain these and other observations including
axions, sterile neutrinos, and weakly interacting massive particles (WIMPs) [2]. The WIMP is
a particularly attractive candidate and is the main subject of the XENONI1T experiment.

The hypothesized WIMP would be a new type of stable particle with a sizable mass and
weak-scale interactions with normal matter and other WIMPs. In addition to the tiny inter-
action cross section this particle would interact with normal matter through gravity, providing
explanations for many anomalous astrophysical observations.

The explanation of the dark matter phenomenon is one of the most important open questions
in physics and has led to a worldwide hunt for the dark matter particle in which the XENON
collaboration is taking a leading role [3].

2 The XENONI1T Experiment

The search for an unknown particle with an extremely weak interaction cross section requires
both an incredibly sensitive detector and very low background conditions. The XENONI1T
experiment is under construction at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy.
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This laboratory is built under 1400 m (3600 meters water equivalent) of rock, providing a factor
of 10 reduction in the muon flux compared to the surface.

The XENONIT detector itself follows a scaled up design of the successful XENON10 [4]
and XENON100 [5] detectors and is a dual-phase liquid xenon time projection chamber (TPC).
XENONIT contains 3.3 tons (2.0 tons active volume) of high-purity liquid xenon instrumented
from both above and below with low-background photomultiplier tubes. The volume is kept
under a homogeneous electric field of about 1.0 kV/cm causing electrons freed in an interaction
to drift towards the top of the TPC.

If an incoming WIMP interacts with a nucleus in the target volume it will produce both
scintillation light (S1) and ionization electrons (S2). S1 signals are detected immediately while
S2 signals are delayed due to the drift time of the electrons. The S2 is detected via proportional
scintillation in the gas phase above the liquid target and provides a localized signal, allowing
reconstruction of the (x,y) position of the interaction. The z position of the collision is derived
from the time difference between the S1 and the S2.

WIMPs are expected to interact with the xenon nuclei while most background reactions
interact with the electrons surrounding the nucleus. Liquid xenon TPCs provide excellent
discrimination of electronic and nuclear collisions. The ratio of the charge (S2) to light (S1)
signal is different for both collision types, allowing them to be separated in the analysis. During
operation the detector is repeatedly calibrated using both gamma and neutron sources in order
to study the detector response to electronic and nuclear recoils, respectively. The actual dark
matter data is kept blinded in the signal region during the analysis.

A noteworthy aspect of a liquid xenon TPC is liquid xenon’s excellent self-shielding capabil-
ity. Because it is so dense the outer volume of xenon effectively shields the inner volume from
background interactions originating from outside the TPC. However for WIMPs this effect is
negligible. Therefore when performing the analysis only an inner fiducial volume of xenon is
selected. The dimensions of this volume are optimized by studying the expected background
distribution. A 10 cm fiducial cut in XENONI1T will translate to a fiducial mass of ~ 1 ton.

3 Technical Developments and Sensitivity

Fach iteration of the XENON experiment has been designed to provide about two orders of
magnitude increase in sensitivity. To build a more sensitive liquid xenon TPC two things are
required: a larger target mass and lower background levels. Realizing both of these features
has been the subject of a continuous intensive research and development campaign performed
by the XENON Collaboration.

A larger target mass provides obvious benefits on sensitivity and self-shielding. However
creating a functional TPC with arbitrarily large size is not trivial. For XENONI1T the main
challenge was providing a stable 1.0 kV/cm electric field over a drift distance of 1m. This has
been demonstrated using the XENONI1T demonstrator, a 1m long TPC containing up to 60
kg of xenon in operation at Columbia University [9]. The development of this large-scale test
apparatus has also allowed tests of the cryogenic and circulation systems.

The best sensitivity in a low-rate counting experiment is achieved with zero background, so
the goal for XENONIT is to keep the background as close to zero as possible. One source of
nuclear recoil backgrounds originate from cosmic muons which produce neutrons as secondary
products as they pass near the detector. Though the muon flux is already very low at LNGS,
muon induced neutrons could still cause a sizable background in the signal region. For this
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reason the XENONIT detector is surrounded by a 10m by 10m water Cerenkov detector [6].
When this detector sees a signal from a passing muon the data surrounding this signal will be
vetoed. This reduces the muon induced background to negligible levels (about 0.01 events/year).

Radiogenic backgrounds provide the largest challenge to a low background experiment like
XENONIT. Every detector component is a potential source of radiation. Radiogenic back-
ground from within the underground cavern are effectively reduced by the passive shielding
provided by the water tank and the outer volume of xenon. To keep background originating
from detector components low, a comprehensive material screening campaign is being performed
in order to choose the most radio pure raw materials for the detector construction. The stainless
steel used to construct the cryostat and parts of the TPC was specially selected by screening
many samples. Special low background photomultiplier tubes from Hammamatsu have been
manufactured using carefully selected components and extensively tested [7, 8]. A minimalist
approach has been undertaken on the design and construction on the detector side in order to
keep material, and thus material-induced backgrounds, to a minimum. Some background from
the detector materials is unavoidable and so each component used in the construction of the
detector has been carefully measured using high purity germanium detectors in order to provide
an accurate background prediction for simulations. The predicted background from material
contamination in the WIMP search region is about 0.25 events/year.

Other backgrounds come from the xenon itself. When ultra-pure xenon is ordered from
a manufacturer it contains krypton as a contaminant on the ppb level. The unstable isotope
85Kr comprises only a factor of ~ 107! of natural krypton but its S-decays cause a significant
background for a dark matter detector. Such impurities within the xenon volume itself are
not rejected by fiducialization or analysis and must be removed physically. For XENONIT a
krypton distillation column is used to remove krypton impurities from the xenon. This reduces
levels of krypton to below the ppt level (target 0.5 x 10712 Kr/Xe). Electronegative impurities
such as Oz, N3, and HyO are filtered using getters. A predicted background of 0.15 events/year
in the WIMP search region originates from impurities in the xenon.

Two final sources of irreducible background are the solar neutrino background and the
double beta decay of 136Xe (about 10% of natural xenon). Both of these backgrounds together
contribute an estimated 0.09 events/year, making the full background prediction from all sources
about 0.5 events/year.

The expected sensitivity of the XENONIT experiment has been computed with realistic
assumptions on the detector performance and analysis efficiency. The background estimates
provided above make the assumption that the XENONI1T analysis will have similar acceptance
and background rejection to the XENON100 analysis. The assumptions are a one ton fiducial
volume, 5-50 keV search window for nuclear recoils, rejection of 99.5% of electonic recoil events,
and acceptance of 50% of nuclear recoil events. The sensitivity to the spin-independent WIMP-
nucleon cross section is shown in Figure 1.

4 Conclusion and Beyond XENONI1T

XENONIT will be the most sensitive dark matter experiment in the world when it is completed
in 2015. The detector sensitivity depends strongly on the target mass and XENONIT will
reach its design sensitivity after two years of stable operation. For this reason a plan has been
developed to reuse most of the detector installation to house a TPC with a larger volume of
active xenon.
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Figure 1: Left: a drawing of the XENONIT facility. Right: the projected spin-independent
WIMP-nucleon cross section sensitivity compared to some existing experiments.

The XENONNT project will contain about 7 tons of xenon and has to goal of 20 ton-years
of exposure. This will allow a sensitivity down to 10~#8cm? in the spin-independent WIMP-
nucleon cross section. Development and construction will run in parallel to the operation of
XENONI1T with installation starting as early as 2018.

The main cost of the experiment will be procurement of additional xenon and photodetec-
tors. However the large physical installations at the XENONIT facility have been designed
to accomodate the new detector without modification. A new inner vessel will fit within the
existing outer cryostat within the existing water tank. Signal and high voltage cables for the
new photodetectors have already been installed within the cable pipes connecting the detector
to the outside electronics and the existing DAQ, slow control, and computing infrastructure
will be reused. The cryogenic and purification systems will also be repurposed for the operation
of the new detector.

The XENONIT experiment itself is under construction at Gran Sasso. It is currently on
schedule with commissioning planned for early 2015 and first results for later that year. With
XENONI1T and the planned upgrade, the XENON collaboration plans to remain at the forefront
of WIMP direct detection.
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The XMASS project is a multi purpose low background experiment with large volume of
liquid xenon (LXe) scintillator. The current stage with a 835 kg LXe detector was started
in 2010. After the commissioning data taking, we have refurbished the detector to reduce
PMT related background and resumed data taking. The physics results obtained with
commissioning run and the current status of the XMASS are reported.

1 Introduction

The XMASS project [1] was proposed to observe rare events such as elastic scattering of electron
by pp solar neutrinos, neutrino-less double beta decay, and elastic scattering of nuclei by dark
matter particles with a single phase LXe detector. In the XMASS detector, scintillation lights
from LXe are observed by photo-multiplier tubes (PMTs) arranged around the LXe volume.
LXe is suitable for the rare event search since LXe has high atomic number and density, so it is
worked as shield material against external radiation. XMASS-I, the first stage of the XMASS
project aims at the search for the dark matter. The XMASS-I detector was constructed in 2010
with 835 kg of LXe in the pentakis-dodecahedral copper vessel, and commissioning runs were
conducted from 2010 to 2012. The performance of XMASS-I detector is summarized in Ref. [2].

2 Physics results from XMASS-I commissioning run

2.1 Search for light WIMPs

Since deposit energy by WIMPs is small, the lower energy threshold of XMASS is advantageous
for detecting them. In some of the commissioning runs were taken in a low threshold setting.
The analysis threshold was set to four hits of PMTs which correspond to 0.3 keV... We used 6.7
days with 835 kg entire LXe volume with applying simple cut to reduce Cherenkov background
events that occur in quartz windows of PMTs. To constrain light WIMPs, we compare each
expected energy spectrum of a certain mass of light WIMPs with the observed data. XMASS
excludes part of the parameter space favored by other experiments [3].
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2.2 Search for solar axions

The axion is a hypothetical particle introduced by Pecci and Quinn for solving the CP problem
in strong interaction. The search for axion as well as axion-like particles (ALPs) focuses on
coupling to photons, nucleons and electrons. The signals XMASS searched for are produced
by the Compton scattering of photons on electrons and the bremsstrahlung of axions from
electrons in the Sun. They can couple to electrons and cause the axio-electric effect to deposit
their total energy in the XMASS-I detector. With the same data set of search for light WIMPs,
the model independent limit on the coupling for mass < 1 keV is | gaee | < 5.4 x 1071 (90 %
C.L. ) was obtained. The obtained bounds on the axion mass for the DFSZ and KSVZ axion
models are 1.9 and 250 eV, respectively [4].

2.3 Search for inelastic WIMP nucleus scattering on '*Xe

Inelastic scattering that excites low-lying nuclear states in suitable target nuclei provides an-
other avenue to probe for WIMP dark matter. 12?Xe is suitable for search for inelastic scattering
since it has the lowest-lying excited nuclear state at 39.58 keV among the xenon isotopes. The
lifetime of its excited state is short (7 = 1ns), so we searched for a peak at 39.58 keV ~-ray
with high energy tail due to the recoil of the 1??Xe nucleus. We applied various cuts to reduce
the background events as shown in the Figure 1 (left) for sensitive search. We apply a cut
based on reconstructed vertex positions, timing information and PMT hit pattern information
to reject surface events which are misidentified as inner events. We achieved a low background
~ 3x107%/day/kg/keV . with 41 kg of LXe fiducial volume. The dominant contribution to the
remained events is 2'*Pb from 2?2Rn. We observed no significant excess in 165.9 live days data
and derived upper limit of inelastic cross section on '29Xe nuclei. We also obtained an upper
limit for spin dependent WIMP-nucleus cross section shown in Figure 1 (right). This limit is
the first derived exclusively from data on inelastic scattering [5].
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Figure 1: (Left)Energy spectra of the observed events after each reduction step. From top to
bottom, the observed energy spectrum after pre-selection (solid), radius cut (dashed), timing
cut (dotted) and hit pattern cut (solid), respectively. (Right) The upper limit on the spin-
dependent WIMP-neutron cross section from our search for inelastic scattering of WIMPs on
129Xe. The thick line with its gray shaded systematic uncertainty band represents our limit
using the form factors of Ref. [7], and the dots represent our limits following Ref. [8] .
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2.4 Search for Bosonic Superweakly Interacting Massive Dark Matter
Particles

Bosonic super weakly interacting massive particles (super-WIMPs) are a candidate for lukewarm
dark matter. For vector boson case, it is called as dark photon, hidden photon and so on. With
the absorption of such a boson by a xenon atom, these dark matter candidate would deposit
their total energy equivalent to their rest mass in the detector. We search for super-WIMPs in
the mass range between 40 and 120 keV. The data set and the reduction method is same as the
search for inelastic scattering from '2Xe. We optimized the cut parameters in the reduction
steps for each rest mass of super-WIMPs to obtain the best sensitivity. Figure 2 (left) shows
the energy spectra of the observed events and simulated events. No significant excess above
background, which mostly comes from the radon daughter 2'*Pb, was observed. Figure 2 (right)
shows the limits on coupling constant for pseudoscalar bosons and vector bosons at 90 % C.L.
This is the first direct detection experiment exploring the vector super-WIMPs and the obtained
limit for the vector super-WIMPs excludes the possibility that such particles constitute all of
the dark matter [6].

Observed events
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Figure 2: (Left)Energy spectra of the observed events and simulated events after each reduction
step for each vector boson mass. Hatched histogram shows remaining events after applying
radius cut, timing cut and hit pattern cut. (Right)Limits on coupling constants for (a)electrons
and pseudoscalar bosons and (b) electrons and vector bosons at 90% C.L. (thick solid line)

3 Refurbishment of XMASS-I detector and the current
status
During the commissioning run we conducted detailed studies on XMASS-I and found that the

radioisotopes of 219Pb and 238U in the aluminum seal of the PMT windows is the majority of
observed events. To reduce these background, we covered the PMTs with copper ring and high
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purity aluminum is evaporated on the side of PMT quartz window to minimize the scintillation
lights from the aluminum seal. The other issue is background events at blind corners of PMTs
are frequently mimic events within the fiducial volume. Thin copper plates were installed to
minimize the gaps between the PMT rings. After the refurbishment work was accomplished
in November 2013, DAQ was resumed and now we already accumulated about 200 days data.
Figure 3 shows the photographs of PMT before and after refurbishment. Now we are working
on the detailed analysis of data for deeper understanding of remained backgrounds and for
better sensitivities. A result of a quick check are shown in Figure 3. One order of magnitude
reduction above 5 keV for entire volume is achieved.

3 ! i
E ! L"ﬂ-"’-‘l XMASS commissioning
1
AL P e
S_UL'_LJ_L\I‘\‘IH_“IASS cl‘u]b[ hlllc[l
6 10 12 4 16 18 20

scaledE[keV]

Figure 3: (Left and Middle)The photographs of PMT before and after refurbishment. The alu-
minum seal of the PMT window is covered with the copper ring to prevent scintillation photon
from radioisotopes. (Right)Energy spectrum for entire volume before and after refurbishment.
The vertical axis is counts/day/kg/keVe.. One order of magnitude reduction is achieved.

4 Summary

The goal of the XMASS project is to observe the various rare events with a large volume of
LXe. The current XMASS-T detector has the largest target mass (835 kg) and achieve the very
low energy threshold (0.3 keV..). We discussed the physics results of the XMASS-T from the
commissioning runs. The refurbishment work for the XMASS-I detector and the current status
of the XMASS experiment are also reported.
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It is now clear that there are sever limitations to the validity of the effective operator
description for dark matter interactions at the LHC. We extend recent analyses by investi-
gating the case in which Dirac dark matter couples to standard model quarks via ¢t-channel
exchange of a scalar mediator. We measure the validity of the effective operator descrip-
tion of this model, at both /s = 8 TeV and 14 TeV. We also point out the general trend
that in the regions where the effective operator description is valid, the dark matter relic
abundance is typically large.

1 Introduction

The LHC is searching for direct DM production at unprecedented energies, yet it has proven
difficult to constrain the WIMP sector in a model-independent way. One potential solution
is the use of Effective Field Theories (EFTs), where a DM-SM interaction is written as a
single effective operator, integrating out the mediator. This has the advantage of reducing the
parameter space to a single mass (mpy) and an energy scale (A), and reducing the number
of WIMP models down to a small basis set. EFTs are inherently an approximation to a full
UV-complete theory, and hence must be used with caution. Given that the LHC is operating at
very large energies, it is important to ensure that constraints on EFTs are internally consistent
and fall in a region where the EFT approximation is valid.

This issue has been investigated in Refs. [1, 2] where the validity of the EFT has been tested
in the s-channel. It was found that only a small fraction of events were at energies where the
EFT approximation is valid. In addition, Refs. [3, 4] have compared constraints on some EFTs
to those on simplified models, and found that constraints on A using UV complete models can
either be substantially stronger or substantially weaker than those on EFTs, depending on the
choice of parameters.

In this article we extend the analysis of Refs. [1, 2] to the t-channel. We consider a model
where Dirac DM couples to SM quarks via ¢-channel exchange of a scalar mediator. Our goal
is to determine in what regions of parameter space the EFT approach is a valid description of
this model. The EFT approximation is made by integrating out the mediator, and combining
the mediator mass M with the coupling strength g into a single energy scale, A = M/g. This is
done by expanding the propagator term for the mediator in powers of Q% /M? and truncating
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at the lowest order, where @, is the momentum carried by the mediator:

2 2 2 4
9 g Qir Qi) 1
@ _ET e (Hz\jz +O<Af4)) = h M

Clearly, this approximation is only valid when Q2 < M?; yet this condition is impossible to
test precisely in the true EFT limit, since M has been combined with g to form A. Instead, an
assumption about g must be made. There is no lower limit to the coupling strength, so regardless
of the scale of A, it is always possible that M is small enough that the EFT approximation does
not apply.

Alternatively, the most optimistic choice is to assume that g ~ 47, the maximum possible
coupling strength such that the model still lies in the perturbative regime. As a middle ground,
we test whether the EFT approximation is valid for values of g 2 1, a natural scale for the
coupling in the absence of any other information. In this case, the condition for the validity of
the EFT approximation becomes Q% < A%, which we will adopt in the following to assess the

~

validity of the use of EFT at LHC for DM searches.

2 Validity of the EFT: analytical approach

2.1 Operators and cross sections

In this article we will consider the following effective operator describing the interactions be-
tween Dirac dark matter x and left-handed quarks ¢

1 _ _
O = 55 (XPra) (aPrx) - (2)
Only the coupling between dark matter and the first generation of quarks is considered.
The operator in Eq. (2) can be viewed as the low-energy limit of a simplified model describing
a quark doublet @), coupling to DM, via t-channel exchange of a scalar mediator S,

Line = gXQLSG + h-c. 3)

and integrating out the mediator itself. We consider only coupling to the first generation of
quarks, @ = (ur,dr). This model is popular as an example of a simple DM model with
t-channel couplings, which exist also in well-motivated models such as supersymmetry where
the mediator particle is identified as a squark, and the DM is a Majorana particle.

The standard search channel for such a scenario is missing energy plus a single jet, although
there are other promising complementary search channels. The dominant process contributing
to the missing energy plus monojet signal is ¢q¢ — xxg. We have calculated the differential
cross section for these processes.

2.2 Results and discussion

To test whether the EFT approximation is valid in monojet searches, we define the ratio of the
cross section truncated so that all events pass the condition, to the total cross section:

16 PATRAS 2014



ON THE VALIDITY OF EFFECTIVE OPERATORS FOR WIMP SEARCHES IN ¢-CHANNEL . ..

4000 5000,
Vs =8Tev soocey <\E=<1‘21';e\\// .
500GeV < pr < 1TeV, [n] =2 4000) eV < pr=2TeV, || =
3000
Ry = 75%
3000
s Ry = 75% s
© 2000 S
= =
- 2000
Ry =10¢
1000 R, = 10
1000
Qpy =012 Qpy ?=0.12
Yo 10? 10° %6 107 10°
Moy [GeV] Moy [GeV]

Figure 1: Contours for Ry. The black solid curves indicates the correct relic abundance.
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Figure 2: Contours for Ry, varying the cutoff Q. < A and @, < 4mA. The grey shaded area
shows A < mpn/(27), often used as a benchmark for the validity of the EFT.
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The integration limits on these quantities are chosen to be comparable to those used in standard
searches for WIMP DM by the LHC collaborations (see, for instance, Ref. [5]).

In Fig. 1 we plot isocontours of four fixed values of Rj as a function of both mpy and A.
Contrasted with the s-channel case [1, 2], the ratio has less DM mass dependence, being even
smaller than in the s-channel case at low DM masses and larger at large DM masses, without
becoming large enough to save EFTs.

In Fig. 1 we also show the curves corresponding to the correct DM relic density. For given
mpwm, larger A leads to a smaller self-annihilation cross section and therefore to larger relic
abundance. It is evident that the large-A region where the EFT is valid typically leads to an
unacceptably large DM density.

In the most optimistic scenario for EFTs, the coupling strength ¢ takes the maximum value
(4m) such that the model remains in the perturbative regime. To demonstrate how our results
depend on the coupling strength, in Fig. 2 we plot isocontours for R = 50%, for two cases:
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1) the standard requirement that Q2 < A2, equivalent to requiring g =~ 1, and 2) requiring
Q2. < (4mA)?, equivalent to requiring g ~ 4.

The grey shaded area indicates the region where A < mpy/(27). This is often used as a
benchmark for the validity of the EFT approximation, since in the s-channel, Qy, is kinemati-
cally forced to be greater than 2mpy.

3 Conclusions

In this article we have extended the investigation of the validity of the EFT approach for DM
searches at the LHC. We have considered here the case of Dirac DM couplings to the standard
model via the t-channel.

We have computed the relic density over the parameter space of the model, assuming that
the only interactions between DM and the SM are those mediated by the ¢-channel operator
(2), and found that the region of EFT validity corresponds to an overly large relic density.
This conclusion is rather general and may be evaded by assuming additional DM annihilation
channels.

Similar to what happens in the s-channel case, our findings indicate that in the t-channel the
range of validity of the EFT is significantly limited in the parameter space (A, mpw ), reinforcing
the need to go beyond the EFT at the LHC when looking for DM signals. This is especially
true for light mediators as they can be singly produced in association with a DM particle,
leading to a qualitatively new contribution to the mono-jet processes. Mediators can even be
pair-produced at the LHC through both QCD processes and DM exchange processes. All of
this rich dynamics leads to stronger signals (and therefore, in the absence thereof, to tighter
bounds) than the EFT approach.
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We review the experimental and theoretical status of dark matter searches at the LHC
and the interplay with direct detection experiments. A particular emphasis is placed on
discussing the usefulness and validity of effective operators and possible ways to go beyond
this simple approach. Moreover, we consider cases where loop contributions are important
for the comparison of collider searches and direct detection experiments.

1 Introduction

It is a remarkable fact that one of the leading experiments for the detection of weakly interacting
massive particles (WIMPs) is the CERN Large Hadron Collider (LHC). Although any WIMPs
produced at the LHC will escape from the detector unnoticed, we may observe large amounts
of missing transverse energy (E) if one or more Standard Model (SM) particles are produced
in association with the WIMPs. In particular, the LHC has the potential to produce WIMPs
via their direct couplings to SM particles [1], i.e. by inverting the annihilation of WIMPs that
occurred in the early Universe. In this case, one can obtain an observable signal if additional SM
particles are produced via SM interactions, for example a single jet from initial state radiation.

Experimental searches for mono-jet events have been performed at the LHC by both CMS [2]
and ATLAS [3]. To reduce backgrounds, experimental collaborations typically require both E-
and the transverse momentum (pr) of the primary jet to be large, i.e. of order of a few hundred
GeV. Secondary jets with high pp are usually also permitted, provided the two jets are not
back-to-back. The dominant remaining backgrounds arise from Z + j with invisibly decaying
Z and from leptonically decaying W + j with unidentified charged lepton.

Unfortunately, these backgrounds are rather large and the pr spectrum of the signal —
although slightly harder than the background — is essentially featureless. Consequently, mono-
jet searches typically cannot provide conclusive information concerning the mass of the WIMPs.
Nevertheless, the resulting bounds on the production cross section allow to directly constrain
the couplings of WIMPs to quarks, which also determine the WIMP scattering cross section in
direct detection experiments [4, 5].

Although mono-jet searches typically give the strongest constraints on the interactions of
WIMPs, a convincing discovery of WIMPs at the LHC would require the observation of an excess
in more than one search channel. Promising alternatives are mono-photon searches, mono-W
searches, mono-Z searches, and searches for two jets or two heavy quarks in association with
Fr. Observing an excess in several of these search channels would enable us to disentangle the
couplings of WIMPs to various SM particles.
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In this article, we want to address two questions: How do we make predictions (such as
signal distributions) in order to optimize experimental cuts? And how do we interpret LHC
searches in order to compare them with other experiments (such as direct detection)? To
answer these questions, we need to specify the Lorentz structure of the assumed WIMP-quark
interactions. In many cases, however, it is not necessary to specify the details of the mediator
of the interaction.

2 From effective operators to simplified models

For sufficiently large mediator mass, we can integrate out the heavy mediator to obtain effective
four-fermion interactions. For example, the vector operator Oy = A% (XYuXx) (G¥"q) could arise
\4

from integrating out a vector mediator with mass Mg and couplings g, and g, to quarks and
WIMPs, so that the suppression scale A associated with the scale of new physics would be given
by A? = M7 /(g4 9)-

If the mediator is sufficiently heavy (mpr > 1 TeV), the effective interaction introduced
above remain valid even at LHC energies. Both mono-jet cross sections and direct detection
cross sections will then be proportional to A~%, so that we can directly translate bounds from
one kind of search to the other. For the vector operator and light WIMPs, for example, current
LHC searches find A > 800-900 GeV, corresponding to oy < 10739 em? [2, 3]. This bound
implies that LHC searches are superior to direct detection experiments for m, < 5 GeV, since
collider searches do not suffer from a limitation for light WIMPs in contrast to direct detection
experiments. On the other hand, LHC constraints are inferior for heavier WIMPs, since for spin-
independent (SI) interactions direct detection experiments benefit from a coherent enhancement
proportional to the square of the target nucleus mass. A similar bound on A is found for the
axialvector operator, which is stronger than the typical constraints on spin-dependent (SD)
interactions from direct detection experiments up to WIMP masses of a TeV. For larger masses,
present collider searches cease to be constraining because of kinematics.

Because of their simplicity, effective operators can be very valuable tools to study the qual-
itative behaviour of different types of WIMP interactions and to develop an intuition for the
relevant effects in mono-jet searches and direct detection experiments. For these reasons, there
is an extensive literature on the interpretation of WIMP searches using effective operators (see
e.g. [4, 6]). Nevertheless, there are reasons to be cautious when applying effective operators
to LHC searches for WIMPs [5]. In particular, the UV completion should have perturbative
couplings, meaning that g, < VAr. Consequently, for A = 900 GeV, the mediator mass has
to be smaller than about 3.2 TeV. Once the centre-of-mass energy +/s becomes comparable to
this scale, we can no longer rely on an effective operator description, because the mediator may
be produced on-shell (see e.g. [7, 8]).

Similarly, effective operators run into problems with unitarity [9]. For the vector operator
and the process ¢§ — xX one finds M = 2v/3 s/A?, so unitarity is violated for /s > 1.9 TeV,
implying that new physics must appear below this scale. The conclusion is that effective
operators may not be valid at the LHC, because the mediator may be accessible for LHC
energies. Once the mediator can be produced on-shell, it becomes necessary to depart from an
effective field theory description and specify the properties of the mediator (such as couplings,
mass and decay width).

As a specific example we consider the case of a new massive gauge boson Z’ arising from
an additional broken U(1)x symmetry [10]. In particular, we consider an effective Lagrangian
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Figure 1: Bounds on the direct detection cross section for different choices of f;/ and dm. The
grey shaded regions correspond to sine > 0.8.

that includes kinetic mixing and mass mixing [11]:
1 . .
LD -5 sine By, F'™ +6m® 2, 2" — [ Z'" xyux -

There are 5 new parameters in this model: the mixing parameters sine and dm?2, the direct
coupling f, between the Z’ and the WIMP, the Z’ mass mz and the WIMP mass m,,.

In addition to the mono-jet searches discussed above, there are three further interesting
search channels at the LHC: dilepton resonances, WW resonances and ZH production [12].
The resulting bounds directly constrain the mixing parameters e and dm?. For fixed mass
mixing and fixed direct couplings, these constraints can thus be interpreted as bounds on sin e
as a function of mz., which in turn can be translated into bounds on the WIMP direct detection
cross section. The resulting constraints are presented in Figure 1 (taken from [12]).

We observe that for f;/ = 0.1 the LHC gives strong constraints on the direct detection cross
section, comparable to the best bounds from current direct detection experiments. Increasing
f;c/ relaxes all bounds from the LHC since now smaller quark couplings — and therefore smaller
mixing parameters — are sufficient to obtain similar direct detection cross section. At the
same time the invisible partial width of Z’ is increased so that decays of Z’ into SM particles
are additionally suppressed. Monojet searches, on the other hand, become significantly more
constraining. Thus, even for f;(/ = 1, direct detection cross section above 10~*!cm? are excluded
by dilepton and mono-jet searches as well as electroweak precision tests (EWPT).

This example illustrates that once we move away from effective operators there may be
additional experimental signatures apart from mono-jet signals that may give strong bounds on
the interactions of the dark mediator. There has been a lot of recent activity in constructing
sets of simplified models in order to investigate these effects more systematically [7, 8]. In
addition to s-channel mediators like a Z’, there has also been much interest in models with
t-channel mediators, which give rise to a somewhat different phenomenology [13, 14].

3 The importance of heavy-quark loops

So far, we have neglected an important complication, which is important for both effective
operators and simplified models. While the LHC produces WIMPs with energies of up to
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Figure 2: LHC mono-jet bounds on the WIMP-proton cross section for Yukawa-like couplings
at tree-level (red) and loop-level (green) compared to various results from direct detection
experiments.

several TeV, the WIMPs in the Galactic halo are non-relativistic with v/c ~ 1072 and the
typical momentum transfer in direct detection experiments is of the order of a few MeV. To
calculate direct detection cross sections, we must therefore evolve all operators from the TeV
scale down to the hadronic scale. In the process, new interactions may be induced at loop level,
leading to additional operators, which are assumed to be absent (or small) at the TeV scale.

As an example, we consider the exchange of a new heavy scalar or pseudoscalar mediator
with Yukawa-like couplings to quarks [15]. Using tree-level diagrams alone, the suppression
scale A is very difficult to constrain with LHC mono-jet searches [4, 5, 6] since the initial state
contains (apart from gluons) only light quarks, which by assumption have small couplings to
WIMPs. The situation changes dramatically beyond tree level, since now loop graphs involving
virtual top quarks give rise to a j + E signal [15]. The inclusion of these heavy-quark loops
leads to a dramatic increase in the predicted mono-jet cross section and therefore a significant
improvement of the bounds from LHC searches.

This observation is illustrated in Figure 2 (taken from [15]). We find that including the loop-
level processes in the calculation increases the predicted mono-jet cross sections by a factor of
about 500. Consequently, the inclusion of loop-level processes gives a pertinent improvement of
the mono-jet bounds on the WIMP scattering cross section, in particular because it indepen-
dently excludes the possibility that the CoGeNT excess or the DAMA modulation arise from
the interactions of a heavy scalar mediator with Yukawa-like couplings.

It is also possible that the converse situation occurs, namely that LHC mono-jet searches
give very strong bounds at tree level, because direct detection cross sections are SD. However,
loop contributions can significantly boost direct detection bounds whenever they induce SI
interactions. In fact, a rigorous classification of WIMP-nucleon interactions into SI and SD
(or momentum suppressed) is not possible in general, as such a distinction is unstable under
radiative corrections. This effect is most striking for tensor interactions, which induce magnetic
dipole moments at loop level [16]. These loop-induced interactions lead to an SI part in the
differential cross section that is additionally enhanced in the infrared due to the photon pole.

Bounds on the differential event rate from direct detection experiments can be used to infer
strong bounds on the WIMP magnetic dipole moment. We can then convert these bounds into
limits on the new-physics scale A entering the definition of the tensor operator and compare

22 PATRAS 2014



LHC DARK MATTER SEARCHES

1073
- DAMA 2010
1077 e e ---- SIMPLE Stage 2
1075F - . PICASSO 2012
35 E % - —- COUPP2012
_ 107°F e=> |---KIMS2012
& 109k ~ ---- CRESST-I
k=3 10,385 SRrgpos It - - - XENON100 2012
5 4 - Tl — ATLASA7
‘:)Z 1073° s DTSN —— Loop-level bound
1040 . —
1049
10°F O
1078—
1 10 100 1000

m, [GeV]

Figure 3: Bounds on the SD WIMP-nucleon cross section from direct detection experiments
compared to the constraints resulting from loop-induced dark dipole moments and LHC searches
for j + Frp.

these ‘indirect’ bounds on o3P with the conventional constraints on SD interactions from direct
detection experiments with an odd number of protons or neutrons in the target atoms.

The resulting bounds and best-fit regions are shown in Figure 3 (from [16]). The solid
red curve indicates the combined bound from loop-induced SI interactions. As expected, if
WIMP interactions proceed via the tensor operator, experiments sensitive for SD interactions
cannot currently probe the parameter region allowed by LHC mono-jet searches. Our central
observation is, however, that even if we neglect the bounds from the LHC, the accessible pa-
rameter region is already excluded by constraints on the WIMP magnetic dipole moment unless
m, < 5 GeV. In other words, for m, > 5 GeV there is no need for target nuclei with spin in
order to constrain the tensor operator.

A related question concerns the magnitude of QCD corrections for mono-jet searches. These
effects have been systematically investigated in [17] using MCFM and POWHEG. For most
operators, next-to-leading order (NLO) corrections are small once parton showering (PS) is
included. Nevertheless, these corrections are important, because they reduce scale dependencies
and hence the theoretical uncertainty of the signal prediction.

4 QOutlook

The LHC is in good shape to continue its search for WIMPs in the next few years. A recent
ATLAS study concluded that with a centre-of-mass energy of 14 TeV the vector operator can
be probed up to new physics scales of 2.3 TeV (corresponding to o, ~ 3 X 10~*! cm?), provided
even tighter cuts on F will be applied to reduce systematic uncertainties [18]. Similarly, a 50
discovery of vector interactions should be possible for o, ~ 2 x 1074 ¢cm?.

In conclusion, the LHC is very well suited for constraining the WIMP production cross sec-
tion and therefore probing the same interactions as direct and indirect detection experiments.
A wide range of possible search channels has been investigated both by the theory community
and the experimental collaborations. Although effective operators provide a convenient frame-
work to interpret these searches, the description becomes inaccurate whenever the intermediate
particles can be on-shell. As a first step to go beyond effective operators, there have been recent
efforts to analyse LHC searches using simplified models (for example a Z’ vector mediator).
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At the same time, there has been important progress in our understanding of the importance
of heavy-quark loops and NLO corrections and there are now public codes that are capable of
including the resulting effects in future analyses.
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The DAMIC (Dark Matter in CCDs) experiment uses the fully depleted silicon of CCDs
(Charge Coupled Devices) as a target for galactic dark matter. The ionization energy
threshold for detecting nuclear recoils of dark matter reaches down to 50 eV.., resulting
in better sensitivity to dark matter with mass below 5 GeV than other direct dark matter
detection experiments. Installation of the DAMIC-100 experiment at SNOLAB is ongoing
and we present our expected sensitivity, which will extend the reach to low-mass dark
matter cross sections within a year of operation.

1 Introduction

The mass and interaction type and strength of dark matter particles is yet unknown. It has
been suggested that, to explain why the dark matter density is so similar to the baryon density,
the lepton-baryon asymmetry was transferred to dark matter in the early universe, resulting in
a natural mass of the dark matter particle of 5 - My,oton ~ 5 GeV [2, 3, 4]. This dark matter
particle would interact weakly with matter, and could therefore be detected through its nuclear
recoil with the target of a low-background detector. Several experiments searching for dark
matter have reported statistically significant excesses consistent with this expected signal [5, 6].

DAMIC (Dark Matter in CCDs) uses the fully depleted silicon of CCDs (charge-coupled
devices) [1] as a target for coherent dark-matter nucleus elastic scattering. Due to the low
electronics noise (2e-) of its minimalistic readout scheme, the CCD is an ideal detector for
searching for the low energy recoil expected from dark matter with mass ~ 5 GeV. Improvements
in the resistivity of silicon substrates have allowed scientific CCDs to achieve thicknesses of 675
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pm [7], more than 30 times that of commercial CCDs, resulting in improved near-infrared light
detection for telescope imaging [8], and more massive targets for direct dark matter detection.

First results for DAMIC were reported in Ref. [9]. The experiment used a shallow under-
ground site (350’ deep) and one 0.5-gram CCD detector developed for DECam, and with 107
g-days total exposure, achieved the best upper limits on the cross-section for weakly interacting
dark matter particles below 4 GeV. Subsequently, DAMIC has been moved to SNOLAB (6800’
deep), and the construction of the next phase of the experiment, DAMIC-100 is underway.
More information about DAMIC-100 can be found in Ref. [10].

DAMIC CCDs were originally designed and fabricated at the Lawrence Berkeley National
Laboratory MicroSystems Lab for the Dark Energy Survey (DES) camera (DECam) [7]. They
make use of a three-phase, triple poly-silicon gate structure with a p-channel implant to collect
holes from the fully depleted n-type silicon substrate which has a resistivity of 10-20 k2 cm.
A CCD has up to 16 Mpixels, each with a transverse size of 15 um x 15 um, and a thickness
of at least 250 pm. CCDs are fully depleted with a 20 (50) V substrate voltage for 250 (675)
pm thickness which causes ionization produced from nuclear recoils in the active region to be
accelerated toward anode gates on the backside of the CCD, where charge is collected near a
p-n junction. The substrate voltage also controls the level of lateral diffusion of the charge
carriers as they drift the thickness of the CCD. The depth of an interaction inside the CCD
can be determined from a measurement of the lateral sharing of charge among the pixels which
record charge from the interaction.

DAMIC-100 CCDs are operated at 133 K, resulting in a dark current due to thermal exci-
tations in the silicon substrate of ~1 e~ /pix/day. The RMS noise in each pixel measurement is
~1.9 e~ which corresponds to 7 eV energy. Pixels are measured by shifting charge row-by-row,
column-by column to a low capacitance output gate via phased potential wells generated by
the three-phase gate structure. Charge is converted to an output voltage of ~ 3 uV/e- that
is compared to the pedestal value for each pixel in order to determine the signal level. High
frequency electronics noise is reduced by increasing the integration time of each readout, so
that pixels are read out at ~1 Mpixels per minute. Long exposure times (> 10 hours) are
used to reduce the total number of times the readout noise is incurred per dataset. DAMIC
does not have timing resolution, and therefore cannot veto background events through timing
coincidence with supplemental detectors as in other experiments.

Calibrations of the CCDs with fluorescence X-rays from a Kapton target exposed to the 5°Fe
source or as from 24! Am were performed. Figure 1(a) demonstrates the linearity of the CCD
in the measurement of ionization energy, while Figure 1(b) quantifies the energy resolution of
the CCD. For these calibrations the CCD was illuminated from the back, which, due to charge
diffusion, leads to a larger dynamic range and worse energy resolution than if the CCD had
been illuminated from the front.

The ionization efficiency of nuclear recoils is a fraction of that of electrons. Previous mea-
surements have been done down to energies of 3-4keV, [11], yielding results in agreement with
Lindhard theory [12]. From this, DAMIC’s nominal 50 eV, threshold corresponds to ~0.5keV,.
Given the significant uncertainty in the extrapolation, and the importance of precise nuclear
recoil scale calibration for dark matter searches, we are undergoing a series of experiments to
measure this value down to the threshold [10].

DAMIC-100 consists of eighteen, 675 um thick, 16 Mpixel LBNL CCDs with a total mass of
100 g in a vacuum vessel with copper, lead, and polyethylene shielding at SNOLAB. The CCDs
will be installed on high-purity silicon supports, immediately surrounded by OFHC copper.
The radioactive background from the CCD packaging is expected to be <1 events/(keV..-kg-d)
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Figure 1: a) Reconstructed energy of X-ray lines compared to true energy from 3°Fe and ?** Am
sources. The labeled K, markers are fluorescence lines from elements in the Kapton target
and other materials in the CCD setup. Linearity is demonstrated from 0.3keV.. to 60keV,.
b) Variance of X-ray lines as a function of energy yielding a Fano factor of 0.16 typical for a
CCD [1]. The resolution of 30 eV is for maximal diffusion since the calibration was performed
on the backside of the detector.
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Figure 2: The RMS size of pixel clusters (in pixels) as a function of energy from (a) fluorescence
X-rays from a Kapton target exposed to a 5°Fe source and (b) fast neutrons from a 2°2Cf source.
X-rays are absorbed in <10 um of the back side, resulting in large lateral diffusion, and an RMS
of about 0.5 pixels or 7.5 pm. The neutron interaction length is much larger than the thickness
of the CCDs, resulting in a uniform depth of interaction, as is expected for dark matter.
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and the count rate should be dominated by Compton scattering from external v-rays, at a
predicted rate of 0.5events/(keVe.-kg-d). Operation of the new detector should start early
2015. We use an MCNP simulation to model the backgrounds and a possible signal expected
in the CCD detectors based on measurements of the radioactivity of the limiting backgrounds
in the experiment. Fig. 3 shows the expected reach of DAMIC-100 and the magnitude of the
possible signal from the light WIMP scenario suggested by CDMS-Si [5].
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Figure 3: a) Simulated energy spectrum of DAMIC-100, considering a dark matter can-
didate with the mass and interaction cross-section of the best-fit to the CDMS-Si signal
(M=8.6GeV and o,Nn=1.9x10"* cm?) [5], standard halo parameters (p,=0.3GeV /cm?,
v9=220m/s, vE=232m/s, ves.=544m/s) and a 0.1kg-y exposure. The expected limiting back-
ground of 0.5 events/(keV..-kg-d) corresponds to 0.1 events/(keV,-kg-d) due to the assumption
of an ionization efficiency of 0.2. b) We present an expected 90% exclusion plot which would
result in the best limits on spin-independent WIMP-nucleon elastic scattering for M, <6 Gev.
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The EDELWEISS experiment searches for Dark Matter particles by means of Ge-bolometers
with a powerful rejection of background. The setup is installed in the Modane underground
laboratory (LSM, France) in French-Italian Alps. The second phase of the experiment was
completed in 2011, and results are published setting new limits on the spin-independent
WIMP-nucleon scattering cross-section. The same data set was also analyzed to search for
axion-induced electron recoils down to 2.5 keV. We set new limits on ALP parameters for
different scenarios, some of which provide one of the best bounds for direct axion searches.
Recently the setup was upgraded towards significantly higher sensitivity and 36 new Ge-
detectors of 800 g each were installed. The detector background rejection capabilities and
performances, and improvements of the background will be presented. The status and
scientific goals of the current EDELWEISS program will be described as well as further plans
for a next generation experiment, EURECA.

1 Overview of the Edelweiss experiment

The primary goal of the EDELWEISS experiment is a direct search for the WIMP dark matter. As
the expected rate of events is below 1073 /kg/day, the experiment is located in the underground
laboratory in Modane (France), which provides a very good shielding against cosmogenic back-
ground down to 5 u/m?/day. To reduce further the radioactive background the muon veto,
external polyethylene and lead shields, and recently introduced internal polyethylene shield,
are used in the experimental setup (Fig. 1). The volume inside the shields is flushed with
de-radonized air to even more reduce the influence of the ambient background. Another impor-
tant reduction of the background is possible due to the ability of the detectors to distinguish
between nuclear recoils (expected from the WIMP interaction) and electron recoils (originate
from ambient sources of background). The experiment uses bolometers of ultra pure germa-
nium: Once these detectors are cooled to about 18 mK, both phonon and ionization signals can
be simultaneously measured. The ratio of the two signals, called ionization yield, is different for
nuclear and electron recoils allowing to separate these two types of recoils. Additional rejection
power arises from the special electrode arrangement, called interdigitized electrode design (ID),
which provides vetoing of surface events [1]. The EDELWEISS experiment finished its second
phase (Sec. 2), and the upgrade to EDELWEISS-III is nearly completed (Sec. 3). The scien-
tific goal of EDELWEISS-III is to reach a sensitivity of about 10=%% em? for the WIMP-nucleon
spin-independent (SI) cross-section by 2015-2016 (Fig. 2).
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Figure 1: The EDELWEISS setup layout: Figure 2: The upper limits on the WIMP-
in the center is the dilution refrigerator nucleon spin-independent cross-section as a func-
able to host up to 40 kg of detectors. The tion of WIMP mass. The EDELWEIssS-II data are
passive lead and polyethylene shields fol- marked with thick solid red lines and correspond
lowed by the active muon-veto system pro- to Refs. [2, 3]. As dashed red lines are shown
tect the detectors against various back- EDELWEISS-III projections for two cases: the stan-
grounds. dard WIMP, 12000 kg-day, and low-mass WIMP
analysis, 1200 kg-day, HEMT-based front-end elec-
tronics. The EURECA projection, phase 2, is
shown as the red long dashed line. The shaded areas
correspond to theoretical SUSY predictions.

2  Summary of the phase II

In a period from April 2009 to May 2010 the EDELWEISS collaboration successfully operated
ten 400-g ID detectors. The data set acquired during this period (with an addition of the
run between July and November 2008) was analyzed for the ‘standard’ WIMP search, i.e.
with a possible WIMP mass, m,, around or above 100 GeV [2], low-mass WIMP search with
m, ~10 GeV [3], and thanks to the low-background environment and the ability to separate
electron recoils out, we also searched for axion-induced signals [4].

The EDELWEISS primary goal is to search for the WIMP dark matter. However, as another
possible dark matter candidate, axions, would lead to electron recoils which can be measured
down to low energies because of the EDELWEISS very low background down to 2.5 keV and the
ability to reject the surface events, four scenarios involving different hypotheses on the origin
and couplings of axions were probed. This includes the Primakoff axion search, i.e. due to
Primakoff axion production in the Sun (Fig. 3), a search for solar axions produced by Compton-
bremsstrahlung and axion-recombination and deexcitation processes (C-B-RD), the search for
solar axions emitted by ®Fe, and the specific scenario in which the galactic dark matter halo is
made of ALPs (axion like particles) with a keV-scale mass (Fig. 4). By combining all obtained
results we exclude the mass range 0.92 eV < my4 < 80 keV for DFSZ (Dine-Fischler-Srednicki-
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Figure 3: 95% C.L. constraint on the g4~ cou- Figure 4: The limits obtained by EDELWEISS-IT
pling from the solar Primakoff flux obtained on the g4, axion coupling as a function of axion
by EDELWEISS-II (red thick line), compared mass, my (red lines).

to other crystal experiments.

Zhitnitskii) axions and 5.78 eV < my < 40 keV for KSVZ (Kim-Shifman-Vainstein-Zakharov)
axions [4], which is a prominent result for a direct axion search from a single data set.

The obtained WIMP search limits are summarized on Fig. 2 (thick solid red lines): in the
‘standard” WIMP search the analysis was optimized for the maximum exposure and resulted in
the exclusion of the spin-independent WIMP-nucleon scattering cross-section of 4.4-107%* cm?
at 90% C.L. for m, ~85 GeV (Fig. 2) [2]. For the low-mass WIMP search the detectors with the
lowest possible thresholds and backgrounds were selected, such that the sensitivity to nuclear
recoils down to 5 keV could be achieved. This leaded to a restricted data set but extended the
sensitivity of EDELWEISS-II down to WIMP masses below 20 GeV (Fig. 2) [3].

In Refs. [5] and [6] general background conditions of EDELWEISS-II were investigated, and
possible improvements were pointed out. Together with significantly increased target mass this
leaded to the next phase of the experiment, EDELWEISS-III.

3 Phase III and beyond

EDELWEISS-III is the upgrade of the EDELWEISS-II towards enlarged target mass, more advanced
detectors and reduced background environment. New FID800 detectors have about 800 g total
mass, two NTD sensors to measure phonons, all surfaces are covered with interleaved electrodes
to perform the surface event rejection. The fiducial volume is also increased, i.e. it is 75%,
or 600 g per detector, compared to 40%, or 160 g, in previously used ID400 detectors. As
follows from tests the v-rejection factor of the new FID80O0 is improved by factor 5 compared to
ID400, or < 6 - 1079, while surface-event rejection is better by 33%, or < 4- 1075 for the recoil
energy Er >15 keV. As of autumn 2014, 36 FID80O detectors are installed in the cryogenic
setup, while 24 are cabled and used in the just started WIMP search. The cabling between the
detectors and the acquisition system as well as the connectors were exchanged by new ones,
using less radioactive materials. In the 1 K zone of the cryostat additional polyethylene was
installed to shield the detectors from the internally generated neutrons, e.g. due to (a,n). New
copper thermal screens were produced out of higher radiopurity copper to lower the intrinsic
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gamma background but also to fit the larger detector mass and new shielding. The cryogenic
system was upgraded to reduce the microphonic noise. The analog front-end electronics placed
at 100 K stage of the cryostat has been upgraded such that DAC-controlled mechanical relays
are used instead of feedback resistors of charge sensitive preamplifiers [7]. A new data analysis
framework improves the usability of the recorded data [8]. The EDELWEISS-III DAQ can read
up to 60 bolometers and includes the readout of the muon veto timing. The system consists of a
crate with FPGA based input cards which are able to do a real time analysis of the data stream
in parallel for all channels. This is a highly scalable system and can be extended to include even
more detectors in future. The readout electronics of one of the detectors is equipped with the
prototype of a time resolved digitization card, which allows to read 2 ionization channels with
a 400 times higher sampling rate of 40 MHz. The higher resolution on timing of the ionization
signal would improve further the characterization of events, e.g. the discrimination between
fiducial and surface events or double scattering events [1]. One more R&D is ongoing to use
the HEMT-based front-end readout in order to lower the recoil energy threshold down to 3 keV
and thus improve the low-mass WIMP search. The projected sensitivities of EDELWEISS-III for
the ‘standard’ WIMP search and the low-mass case are shown on Fig. 2.

To go beyond the EDELWEISS-III sensitivity a next generation dark matter experiment,
EURECA, is planned. In its 1% phase EURECA will host a multi-nuclei target of about
150 kg, while in the 2"¢ phase up to 1000 kg [9]. For the 1% phase a closer collaboration with
the SuperCDMS at SNOIlab experiment is foreseen. EURECA in its 1-tonne version should
probe a WIMP-nucleon SI interaction down to 10747 ecm? (Fig. 2).
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Electroweak corrections are relevant for dark matter indirect detection predictions. The
quality of the fragmentation function approximation to describe electroweak gauge boson
radiation is examined in two concrete models. For models with Majorana fermion dark
matter annihilation into light fermions, the fragmentation function approximation does not
work, due to the helicity suppression of the lowest-order cross section. For other models,
like those with vector dark matter, fragmentation functions provide very reliable results
for dark matter with masses Mpm 2 500 GeV.

1 Introduction

In dark matter indirect detection experiments one searches for dark matter annihilation pro-
ducts, including antimatter particles like positrons and antiprotons, which propagate through
the galactic halo and which can be detected in astrophysical experiments at the earth.

As pointed out in the literature [1, 2, 3, 4, and refs. therein], electroweak (EW) radiation
from the primary dark matter annihilation products can significantly alter the spectra of the
secondary Standard Model particles, that may be detected at the earth. The decay of the EW
bosons will modify the spectra of the primary annihilation products and, more importantly, will
always produce the complete spectrum of stable SM particles, irrespective of the model-specific
composition of the primary annihilation products.

Many models provide dark matter candidates with masses in the TeV-range. For such heavy
dark matter, soft and collinear electroweak gauge boson emission from the relativistic final-state
particles is enhanced by Sudakov logarithms In*(M3,,;/Mzw) [5], where Mpy and Mgw are
the mass of the dark matter candidate and of the electroweak gauge boson, respectively. The
fragmentation function formalism [2, and refs. therein] provides a simple and model-independent
approximation to describe the logarithmically enhanced contributions due to EW radiation.
Note that the model-dependent gauge boson emission off initial and intermediate state particles
is not reproduced by the fragmentation function approximation.

In the following we examine the quality of the fragmentation function approximation. To this
end, we have compared the predictions obtained for the flux at the earth using the fragmentation
function approximation against those obtained from an exact calculation of Z-boson emission.
To perform the comparison we have chosen two concrete models of dark matter: a simplified
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version of the Minimal Supersymmetric Model (MSSM) [6, 7], and a simplified Universal Extra
Dimension (UED) model [8, 9]. In these models the dark matter candidates are a pure bino
neutralino, x°, and the first Kaluza-Klein excitation of the SU(2) gauge boson, B, i.e. a
Majorana fermion and a vector boson, respectively. For simplicity we focus on the particular
case where the dark matter particles annihilate at lowest order into electron-positron pairs only.
To assess the quality of the fragmentation function approximation [10], which only describes
the logarithmically enhanced contributions to Z-boson radiation off the finale state, we have
performed comparisons of the energy spectra of the Z bosons and of the spectra of positrons and
anti-protons at the earth after the propagation through the galactic halo. We have obtained the
secondary particles fluxes using PyTHIA 8 [11, 12] and implemented the propagation through
the galactic halo using a Green functions formalism [13, and refs. therein].

In this proceedings contribution we show that the fragmentation function approach repro-
duces well the exact result for vector dark matter annihilation (the UED case), while the
approximation does not work for the annihilation of Majorana fermion dark matter into light
fermions (the MSSM case). This is due to the fact that the annihilation of neutralinos into a
lepton pair is helicity suppressed [14, 15, 16] and that the emission of soft and collinear gauge
bosons from the final state particles, included in the fragmentation function approximation, is
not sufficient to lift this helicity suppression [3]. Hence, the fragmentation function approxi-
mation provides a simple and reliable technique to obtain realistic predictions for dark matter
indirect detection for models where the annihilation is not suppressed at the lowest order.

2 Comparison and results

The fragmentation function approximation does not reproduce the correct result for Majo-
rana fermion annihilation as anticipated [10]. Therefore, we consider here only the spectra for
positrons and antiprotons from the annihilation of vector dark matter in the universal extra
dimension model after propagation through the galactic halo. We compare the results from
the full (2 — 3) calculation, BY) B() — ete~(Z — SM particles) and the fragmentation func-
tion approximation. In Fig. 1 the positron spectra after parton shower and propagation are
displayed. The fragmentation function approximation provides an accurate description of the
positrons from the Z-boson decay. However, as the cross section of the (2 — 3) process is
a genuine electroweak higher-order contribution of O(aIn*(M3,,/m%)), and thus highly sup-
pressed by comparison to the leading-order annihilation, the amount of additional positrons is
small compared to those produced in the (2 — 2) process The small dip in the fragmentation
function prediction at high energies is a remnant of the kinematics of the (2 — 2) process
and is disappearing as Mpy/myz increases. In our simple leptophilic model set-up, antiprotons
are generated exclusively from Z-boson decay. As the fragmentation function provides a good
approximation to the Z-boson spectrum of the exact calculation [10], the flux of antiprotons
is also expected to be reproduced well. This is indeed born out by the explicit calculation
presented in Fig. 2. We find that the exact (2 — 3) calculation and the fragmentation func-
tion approach agree within 10% for Mpy 2 500 GeV. This result is further supported by the
comparison of the fragmentation function result against the analytical expression for the exact
(2 — 3) calculation, see Ref.[10].
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Figure 2: Antiproton spectra for Mpy = 150, 3000 GeV in the UED case after propagation.

3 Conclusions

We have examined the quality of the fragmentation function approximation for two specific
simple DM models [10], by comparing the primary energy spectra and fluxes after the evolution
of the annihilation products and propagation through the galactic halo. We find that fragmen-
tation functions fails to reproduce the behaviour of the complete calculation for models with
Majorana fermion annihilation into light fermions. This is due to the fact that the soft/collinear
contribution to Z-boson radiation, included in the fragmentation function approximation, is not
sufficient to lift the helicity suppression of the lowest-order cross section. By contrast, we find
that the fragmentation function approach is working very well for models that do not suffer
from helicity suppression at the lowest order, like vector dark matter annihilation in models
with universal extra dimensions. Specifically, we find that the particle fluxes after probation
through the galactic halo obtained from the exact (2 — 3) calculation and the fragmentation
function approach agree to better than 10% for Mpym ~ 500 GeV and to better than 2% for
Mpy =~ 1TeV. The fragmentation function formalism thus provides a simple framework to
obtain predictions for astrophysical experiments for models where the lowest-order annihilation
cross section is not suppressed.
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XENON100 is the second phase of the XENON direct Dark Matter search program. It
consists of an ultra-low background double phase (liquid-gas) xenon filled time projection
chamber, and is installed at the Laboratori Nazionali del Gran Sasso. The results from
the 224.6 live days of data taken between March 2011 and April 2012 are reported. The
experiment sets one of the most stringent limits on the WIMP-nucleon spin-independent
cross section, and the most stringent limit on the spin-dependent WIMP-neutron interac-
tion. With the same dataset, XENON100 sets the best limit to date on the axion coupling
to electrons for solar and for galactic axions.

1 Introduction

The A-Cold Dark Matter model states that only 5% of the energy of our universe comes from
Baryonic matter. The remaining is split into Dark Energy (~68%) and non-Baryonic Dark
Matter (~ 27%).

The nature of Dark Matter (DM) is still unknown, and possible candidates arise naturally
in several extensions of the Standard Model of particle physics. Weakly Interacting Massive
Particles (WIMPs) are the most prominent ones since they are cold, neutral, and can produce
the correct relic density of DM observed today. Another prominent class of candidates are
Axion-Like Particles (ALPs) generated in a non-thermal production mechanism in the early
universe.

The several phases of underground detectors that constitute the XENON program is located
at the Laboratori Nazionali del Gran Sasso (LNGS), Italy, at an average depth of 3600 m water
equivalent. The ever growing detectors search for DM by detecting its scattering off a liquid
xenon (LXe) atom, that leaves both ionization and excitation traces in the liquid. The current
phase, XENON100, has been successfully operating since 2009 and achieved unprecedented
sensitivity on WIMP-nucleon cross section [1], and on axion-electron coupling [2]. The next
phase of the program, XENONIT, is a ton scale detector. XENONIT is in an advanced
construction phase, and will become operational in the near future.
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2 XENON100

The operational principle of XENON100 is depicted in Fig. 1. The detector is a double-phase
time projection chamber (TPC), filled with 62 kg of LXe. A total of 178 low radioactivity,
UV-sensitive photomultiplier tubes (PMTs) measure signals induced by particles interacting in
the sensitive volume. An interaction in the detector produces both scintillation photons and
ionization electrons. The electrons, moved from the interaction point by a 530 V/cm electric, are
extracted from the liquid and accelerated in the gas by a 12 kV/cm field, producing proportional
scintillation light. The direct scintillation signal (S1) and the amplified charge signal (S2) are
detected by the PMTs. The time difference between the S1 and the S2 signals is used to
estimate the z-coordinate of the interaction, while the S2-hit-pattern on the PMTs is employed
to estimate the (x,y)-coordinate. In addition, the S2/S1 ratio, serves as a separator between
the expected WIMP-induced nuclear recoil events (NR) and the electromagnetic induced events
(ER). A detailed description of the instrument is given in [3].
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Figure 1: Operational principle of the XENON TPC. The ratio S2/S1 provides separation
between nuclear and electromagnetic recoils.

3 WIMP search

The XENON100 data presented here, includes 34 kg fiducial mass and 224.6 live days, collected
between March 2011 and April 2012. Compared to the previous data set, this run has a
longer exposure, a significantly lower intrinsic 8°Kr contamination, an improved electronic noise
condition and a lower trigger threshold.

The expected background comes from the leakage of ER events (originating from the de-
tector materials and from intrinsic radioactivity), and by NRs induced by neutrons. The ER
background is estimated from calibration data, while the NR background is determined by a
detailed Monte Carlo simulation.

A Profile Likelihood (PL) approach is used to test the background-only and signal hypothe-
ses. The systematic uncertainties in the energy scale and in the background expectation are
treated as nuisance parameters and represented in the limit. Poisson fluctuations in the number
of PEs dominate the S1 energy resolution and are also taken into account along with the single
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PE resolution of the PMTs. For the signal model, we assume an isothermal halo with a local
density of 0.3 GeV/cm?, a local circular velocity of 220 km /s, and a Galactic escape velocity of
544 km/s.

WIMPs in the halo of our Galaxy are non-relativistic and their interactions with nuclei
can be characterized in terms of scalar (or spin-independent, ST) and axial-vector (or spin-
dependent, SD) couplings. This led to the 90% confidence level (CL) limits shown in Fig. 2
for spin-independent, and in Fig. 3 for spin-dependent interactions. The 1o(2¢) uncertainty on
the sensitivity of this run is shown as a green(yellow) band.
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4 Axion searches

Axions were introduced in the Peccei-Quinn solution of the strong CP problem as pseudo-
Nambu-Goldstone bosons emerging from the breaking of a global U(1) symmetry. Although
this original model has been ruled out, “invisible” axions (arising from a higher symmetry-
breaking energy scale) are still allowed, as described, for example, in the DFSZ and KSVZ
models. In addition to QCD axions, axion-like particles (ALPs) are pseudoscalars that do not
necessarily solve the strong CP problem, but which have been introduced by many extensions
of the Standard Model of particle physics. Axions as well as ALPs are well motivated cold dark
matter candidates.

The Sun is an intense source of axions and ALPs, where they can be produced via Bremsstrahlung,
Compton scattering, axio-recombination and axio-deexcitation [5] (referred to as solar axions).
Additionally, searches can be conducted for ALPs that may have been generated via a non-
thermal production mechanism in the early universe and which now constitute the dark matter
in our galaxy (referred to as galactic ALPs).

Axions and ALPs may give rise to observable signatures in XENON100 through their cou-
pling to electrons. The coupling g ., may be tested via scattering off the electron of a target,
through the axio-electric effect [6]. This process is the analogue of the photo-electric effect with
the absorption of an axion instead of a photon.

We report on the first axion searches performed with the XENON100 detector, using the
same data set used for the WIMP-searches, with an exposure of 224.6 live days and 34 kg
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fiducial mass. The expected interaction rate is obtained by the convolution of the flux and
the axio-electric cross section. The solar axion flux has recently been recalculated in [5]. This
incorporates four production mechanisms that depend upon ga.: Bremsstrahlung, Compton
scattering, atomic recombination, and atomic deexcitation. For ALPs in the galaxy, assuming
that they constitute the whole dark matter halo density (ppar ~ 0.3 GeV/cm?), the total flux
is given by ¢arLp = ¢Ba X ppar/ma, where my is the ALP mass.

Fig.4 shows the new XENON100 exclusion limit on g4., at 90% CL [2]. The sensitivity is
shown by the green/yellow band (10/2¢). For comparison, we also present recent experimental
constraints. Astrophysical bounds and theoretical benchmark models are also shown. For solar
axions with masses below 1 keV/c?, XENON100 is able to set the strongest constraint on the
coupling to electrons, excluding values of ga. larger than 7.7 x 10712 (90% CL).

Fig.5 shows the XENON100 90% CL exclusion limit [2]. The XENON100 result is shown
compared to other experimental constraints. Astrophysical bounds and a theoretical benchmark
model are also presented. The expected sensitivity is shown by the green/yellow bands (1o/20).
In the 5-10 keV/c? mass range, XENON100 sets the best upper limit, excluding an axion-
electron coupling g4 > 1 x 10712 at the 90% CL, assuming that ALPs constitute all of the
galactic dark matter.
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The CRESST-II (Cryogenic Rare Event Search with Superconducting Thermometers) ex-
periment, currently in its second phase, aims at the direct detection of WIMPs. Compared
to previous runs the intrinsic radiopurity of CaWQy4 crystals and the capability to reject
recoil events from alpha-surface contamination were significantly improved. Data from
29 kg-days of exposure acquired by a single ~ 250g CaWO, detector provide competi-
tive limits on the spin-independent WIMP-nucleon cross section, particularly for low-mass
WIMPs, and probe a new region of parameter space for WIMP masses below 3 GeV/c?.

1 Introduction

Direct searches for dark matter in form of Weakly Interacting Massive Particles (WIMPs) have
significantly improved the sensitivity to spin-independent WIMP-nucleon scattering within the
last two decades. Possible hints for low-mass WIMPs with masses of O(10GeV/c?) which
recently arose [1, 2, 3, 4] are, however, clearly excluded by a variety of experiments [5, 6, 7,
8, 9, 10]. During the last years, these non-conclusive experimental results and theoretical dark
matter models (see e.g. [11]) drew the attention to WIMPs with masses of < 10 GeV /c%.

2 Results of the detector module TUM40

The CRESST-II (Cryogenic Rare Event Search with Superconducting Thermometers) exper-
iment uses scintillating CaWOQy crystals as target material for dark matter particles [1]. The
modular detectors of 200-300 g each are based on a two-channel detector readout: 1) The tar-
get crystal itself is operated as a cryogenic detector at mK temperatures to measure the total
deposited energy of particle interactions. This phonon channel is read-out by transition edge
sensors (TES) realized by thin W-films. 2) A separate light detector (silicon-on-sapphire disc),
also equipped with a TES, measures the scintillation light output induced by particles. Due to
light quenching [12] this additional information provides identification of the type of particle
interaction. Thus, beta/gamma background events can be discriminated from possible WIMP-
induced nuclear-recoil events which, to a certain extent, can further be tagged as O, Ca and W
recoils [13].

CRESST-II Phase 2 has started in July 2013 with a total target mass of ~ 5kg using 18 de-
tector modules of four different detector designs [15]. In this paper, one single detector module
(called TUMA40) of a new design, with the best performance among the detectors installed in
CRESST-II Phase 2, is described. A block-shaped CaWQy crystal with a mass of 249 g is held
by sticks made of CaWOQy, for details see [14]. Together with a polymeric foil the sticks provide a
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sl — light detector (with TES)
block-shaped target crystal
| |N CaWO, sticks
i r(i (with holding clamps)

reflective and
scintillating housing

Figure 1: Scheme of the new detector module based on CaWQy sticks fed through the scin-
tillating housing (polymeric foil). Inside the housing only scintillating material is present in
order to reject surface-alpha background, see [14]. Unlike in the conventional design the bronze
clamp are located outside.

detector housing with fully-scintillating inner surface (see Fig. 1). Using this design, previously
observed backgrounds from surface-alpha decays are rejected with high efficiency [14]. For the
first time, CaWOy, crystals from in-house production at the Technische Universitdt Miinchen
[16] are operated in the CRESST-II setup. Using one of these crystals, the intrinsic background
level could be reduced significantly to an average beta/gamma rate of 3.44/[kgkeV day] in the
region of interest at 1-40keV [17, 18]. An energy threshold of ~ 600eV and a resolution of
opr=(0.090£0.010) keV (at 2.60keV) were reached with TUM40. With the silicon-on-sapphire
light detectors (diameter: 40 mm, thickness: 500 pm) used, a baseline resolution of o; ~ 5€V is
achieved.

In the first TUM40 data with 29kg-days of exposure, all events observed in the region-of-
interest for dark matter search are compatible with leakage of beta/gamma background. No
indications for additional events above this background are observed. Therefore, a limit on the
spin-independent WIMP-nucleon scattering cross section is derived (see Fig. 2) [17]. A new
region of parameter space for WIMP masses below 3 GeV/c? is probed. An excess signal as
observed by the previous results of CRESST-II [1] is not confirmed.

3 Conclusion and Outlook

The results of CRESST-II Phase 2 [17] demonstrate the potential of phonon-light detectors using
scintillating crystals, in particular, for low-mass WIMP search. A new detector concept which
provides an efficient veto against surface-alpha backgrounds has been successfully operated in
the CRESST setup. The first data of CRESST-II Phase 2 with a moderate exposure of 29 kg-
days acquired by a single detector module set a new limit on spin-independent WIMP-nucleon
scattering cross section. A new region of parameter space is probed for WIMP masses below
3GeV/c2.

Concerning the search for higher WIMP masses (> 10 GeV/c?), the discrimination capability
of the present detector performance is sufficient. Above an energy of ~ 12keV, no leakage of
beta/gamma events is expected in CRESST-II detectors of this new design, even for a possible
ton-scale experiment (< 10~% events per detector and year [18]) as far as no other backgrounds
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Figure 2: Spin-independent WIMP-nucleon cross section plotted against the WIMP mass with
selected experimental results from direct dark matter searches [1, 2, 4, 5, 6, 7, 8, 9, 10]. The
results of CRESST-II Phase 2 [17] (red full line) give the presently best limit below WIMP
masses of ~3 GeV/c2. Tt disfavours a WIMP-interpretation of the previous results of CRESST-
II [1].

appear.
To increase the sensitivity to low-mass WIMPs (masses below 10 GeV /c?) the performance of
the detectors must be further improved. In particular, efforts to reduce the energy threshold,
to improve the optical quality of the CaWQy crystals and to lower the background level are
ongoing. There is a high potential to further investigate the low-mass WIMP region with future
CRESST detectors and, for the first time, sensitivities to detect coherent neutrino-nucleus
scattering might be in reach with exposures of ~ 300 kg-years [19].
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We discuss a new constraint on the parameter space of axion dark matter that was first
presented in [1]. The axion increases the neutron-proton mass difference at neutron freeze-
out. The precise measurements of *He produced during Big Bang Nucleosynthesis (BBN)
sets meaningful bounds on its parameter space.

1 Introduction

In 1977 Peccei and Quinn proposed what would become the classic solution to the strong CP
problem [2, 3]. Later it was noted by Weinberg and Wilczek that it implied the existence of
a light degree of freedom, the axion [4, 5]. If a U(1) symmetry, anomalous under QCD, is
spontaneously broken at an high scale f,, the QCD 6 parameter

0 apv Fva
Lacp D —55 5 GG, (1)

can dynamically be set to zero through the minimization of the axion (the U(1) pseudo-
Goldstone boson) potential.

The axion is a motivated dark matter candidate [6]. In this work we focus on relic axions
produced through the so-called misalignment mechanism [7, 8, 9, 10]. In order to solve the
strong CP problem, the leading contribution to the axion potential must come from the QCD
chiral anomaly. This contribution is generated during the QCD phase transition and earlier in
the history of the universe we can consider the axion potential to be zero. As it turns on, the
initial condition for the axion field does not need to coincide with the minimum of the potential.
So after the QCD phase transition the axion can be described as an oscillating classical field

a(t) = ag cos(mgt) = V2pDM cos(mgt) , (2)
Mg

with an amplitude proportional to the initial misalignment. In the last equality we fix the initial
condition by requiring that the axion makes up all of the observed dark matter energy density
ppy- In the simple setting described above, the axion mass m, is not a free parameter, but
is given by the QCD relation fome = frmxy/myma/(my, + mq) [4, 5], in terms of the decay
constant f,. However axion-like particles for which this equality is violated are common in a
variety of models [11, 12]. For brevity in the following we designate with “axion” both the QCD
axion and these generalizations.
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As stated above the axion coupling to gluons is the one responsible for the solution of the
strong CP problem. Current constraints on this coupling leave open many orders of magnitude
to my and f,. The axion interactions with the electromagnetic field are more strongly con-
strained [6], but the coupling is much more model dependent and given an f, can span over
orders of magnitude. Therefore we find interesting to explore in more detail axion-gluon inter-
actions. This is particularly important in view of the recent proposal of new experiments aimed
at detecting these interactions [15, 16]. In the next section we show how the measurement of
the primordial *He abundance greatly limits the parameter space available to the axion, largely
overlapping with the projected sensitivity of the proposed experiments. We conclude by giving
a fine-tuning argument that disfavors an even larger fraction of this parameter space.

2 The three graces of Big Bang Nucleosynthesis

Big Bang Nucleosynthesis is an ideal setting for constraining axion dark matter for three simple
physical reasons. First, the effects of the axion field are amplified by the redshirting of the
axion field a ~ /ppar ~ (1 + z)3/2, 2N ~ 100, Second we have precise measurements of
quantities generated at that time. For instance, the fractional error on *He abundance, Y, is
0Y,/Y, ~ 10% at 30 [6]. Last and most important, Y, is exponentially sensitive to the axion
interaction with gluons. This was first shown in [1] following a known result on the constant
QCD 6 parameter [17]. Here we briefly review the steps that led to this conclusion.

The most general Lagrangian connecting the axion with Standard Model fields charged
under SU(3). can be written as
a G@ éa,uu 8ua

n%

a g 2t ®

where we have ignored possible flavor violation in the cy’s that is irrelevant for what follows.
We have indicated with v all possible quark fields taken as left-handed Weyl spinors. Using
the methods of Chiral Perturbation Theory it is easy to show that these interactions, below the
QCD confinement scale, generate

1 f2mimuema [ a 2
Lacpen 2 —jfEmamans (2] (4)
— Nrm-o (i’ys’gﬂNN *zngNJ%) N (5)
fx g 25 3
T G NN Mg —My a
o Dt ()7 NN ©)

where we have introduced the nucleon field N = (p n)T and the pions 7. Clearly there are many
more terms in the QCD Chiral Lagrangian that contain also the axion, but the three above are
sufficient for our purposes. The first is the axion mass term mentioned in the introduction, the
second generates an oscillating nucleon electric dipole moment (EDM) at one loop [18] that the
experiments in [15, 16] intend to detect. The third and last term generates a neutron-proton
mass difference

M — iy = Qo +0Q,
Q= et (mez) () = 097 Mev) (7). ®
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Figure 1: Taken from [1]. Left panel: In orange we show the BBN excluded region in the (gq4,
m,) plane. The blue shaded region is excluded by static EDM searches. The green region from
excess SN 1987A cooling. Both were estimated conservatively in [16, 19]. We shade in purple
the area where f, > mp1. Right panel: The projected sensitivity of the oscillating EDM search
of [15, 16]. CASPErl and CASPEr2 are the two generations of the experiment. The black line
in both panels represents the QCD axion, f, mg = AQQCD.

where we have taken g,nn =~ 0.023 as measured from baryon decays [17, 18]. It is this effect
that feeds into the measured *He abundance though the neutron to proton ratio at freeze-out,
(/D) treoroont = €~ 9F/TF. Here Qp is the value of Qp + 6Q at Tr ~ 0.8 MeV. The neutron to
proton ratio stays approximately constant until the time of nucleosynthesis, when almost all
neutrons bind into *He nuclei: Y, &~ 2(n/p)Nuc/(1 + (7/P)Nuc)-

Imposing conservatively §Y,,/Y, < 10%, we find the constraint f, m, = 107 GeV2. A full
numerical calculation gives f, m, = 1.3 x 1079 [1]. In the left panel of Figure 1 we compare this
bound with known constraints from static EDM measurements [13, 14, 16] and the excess cooling
of SN 1987A [19, 16] and in the right panel with the sensitivity of the experiments proposed
in [15, 16]. Note that this comparison is meaningful because the ¢, in the UV Lagrangian do not
appear at leading order in f/f, in (5) and (6). So the nucleon EDM and proton-neutron mass
difference are dominated by the GG coupling of the axion and thus proportional to each other.
The y-axis is given by a rescaling of the axion decay constant g4 =~ (2.4 x 10716 ¢ Cm)/fa. We
can clearly see that the bound adds on known results and strongly overlaps with the sensitivity
of future experiments. For more details we refer to [1].

3 Conclusion and fine-tuning

We have shown that the measurement of the He abundance from BBN sets a strong constraint
on the axion dark matter parameter space. This bound overlaps with most of the sensitivity of
projected experiments for the measurement of an oscillating nucleon EDM [15, 16].

It is worth to notice that the whole parameter space above the QCD line in Figure 1, albeit
not excluded, is strongly disfavored by fine-tuning arguments. In that region m, < m%°P,
so we are implicitly adding a Lagrangian term AL(a) o ém?(a + 66)2, to cancel the QCD
contribution to the axion mass. The tuning required by the mass cancellation can be estimated
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as: Amass ~ f2m2/f2m2 ~ 1071 (fym,/107° GeV2)2. At the same time 66 must also be
tuned to avoid reintroducing the strong CP problem. It is not possible to avoid these tunings by
introducing multiple axions [1]. However the experiments in [15, 16] have a concrete chance of
being built. Furthermore tuning arguments in other sectors of the Standard Model Lagrangian
have started to appear less reliable since LEP and the trend seems to be confirmed by the LHC.
So we find useful to give solid observational bounds such as the one discussed in this note.
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Two populations of axions can contribute to cold dark matter: the classical field produced
via the misalignment mechanism, and the modes produced in the decay of strings. The
classical field has extra pressure, as compared to WIMPs, which could have observable
consequences in non-linear galaxy formation.

1 Introduction

It is interesting to study whether axion dark matter could be distinguished from WIMP dark
matter, using Large Scale Structure (LSS) data. It is well known that axion dark matter can
be composed of two components[1]: the misalignment axions and the non-relativistic modes
radiated by strings (here taken to be cold particles). Both redshift like CDM, and grow linear
density inhomogeneities like WIMPs. However, as pointed out by Sikivie [2], the misalignment
axions have a different pressure from WIMPs, which could be relevant during non-linear stucture
formation. The consequences of this additional pressure could be reliably addressed by the
numerical galaxy formation community. The aim of this proceedings, which is based on [3], is
to clarify the relevant variables and equations for studying non-linear stucture formation with
axions.

There has been considerable confusion in the literature about whether axion dark matter is
a Bose Einstein condensate. In a scenario proposed by Sikivie, the dark matter axions “ther-
malise” via their gravitational interactions, and therefore form a Bose Einstein condensate due
to the high occupation number of the low momentum modes. Then, Sikivie and collaborators
hypothesize that a galactic halo made of condensate could form vortices, which could be ob-
served as caustics in the dark matter distribution. This interesting scenario, which proposes
an observable signature for axion dark matter in LSS data, has been studied by many people:
Saikawa and collaborators[4] confirmed in @ uantum Field Theory and General Relativity, the
gravitational interaction rate estimated by Sikivie and collaborators. However, with Martin
Elmer[5], we could not confirm that the interaction rate was a thermalisation rate (= generated
entropy). Rindler-Daller and Shapiro[6] studied rotating halos of non-relativistic scalar field,
and found that vortices were energetically favoured for much lighter bosons than the QCD
axion, or for scalars with repulsive self-interactions (opposite to axions, whose self-interactions
are attractive). This proceedings will argue that the notion of Bose Einstein condensation is an
unneccessary confusion, somewhat akin to trying to describe a classical electromagnetic field
in terms of photons. The misalignment axions are a classical scalar field, as such they have a
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different pressure from WIMPs, and this could allow them to leave distinctive features in LSS
data. First, I review the formalism and results of [3], and discuss the relation to Bose Einstein
condensation after eqn (1).

Structure formation within the horizon is a classical gravity problem, so at first sight, a
Quantum Field Theory treatment seems unneccessary. However, the classical field and classical
particle limits of a QFT are different, and dark matter axions are composed of both. So to
obtain a self-consistent and well-defined formalism, where approximations can be catalogued,
and particles and fields can be included simultaneously, this proceedings starts from the path
integral. A very beautiful earlier treatment of axion dark matter in field theory is [7]. We will
find that it is straightforward to describe axion dark matter as a classical field (the misalign-
ment axions) plus cold axion particles (produced by strings). The leading order gravitational
interactions of the axion field and particles are simply found by computing their contributions
to the stress-energy tensor. And while cold axion particles, in the limit of negligeable veloc-
ity, have the stress-energy as WIMPs, the classical axion field has extra contributions to the
pressure, which could be relevant during non-linear stucture formation.

Finally, in section 3, I discuss the rate at which gravity can move axions between the field
and the cold particle bath.

2 Formalism

From a theoretical perspective, it should be true that “the path integral knows everything”:
our world is usually at a saddle-point of the effective action. This perspective is rarely useful,
because the path integral cannot be solved. However, I imagine to follow it here for two reasons:
first, it gives an formal framework which can describe all aspects of axion behaviour, and second,
the axion is so feebly coupled that the path integral could be computed pertubatively, which
organises the various corrections to the classical= leading order solutions.

I imagine to write the path integral for the axion field, and evalulate it in a closed-time-path
(CTP) formalism, as a perturbative expansion in Newton’s constant G and the axion self-
interaction parameter m?/ fI%Q. The path integral offers to decribe axions via n-point functions.
I am particularily interested in the one-point function, which is the classical axion field, and
the two-point function, which in CTP formalism includes the number distribution f of axion
particles. Higher point functions can be neglected because the axion is so feebly coupled.

Next, equations of motion are required. Since we are interested in the gravitational in-
teractions of axions, the leading order (= classical) equations are Einstein’s Equations, with
contributions to the stress-energy tensor from the axion field and particle density. These con-
tributions will be obtained in second-quantised Field Theory in flat space-time, for simplicity.
The details of the calculation can be found in [3]. The order G3% effects will be discussed in
section 3.

For cold axion particles, self-interactions are ~ A2 ~ (mg/ pr)4 which is negligeable, so T},
has the form expected for non-relativistic non-interacting particles (the same as for WIMPs):

p —pU .
d
where p(x) :/Jmaf(x,Q) )

Ty =pUU, = (27)3

—p¥ pvtvd

which is the expected classical particle result, with matter four-velocity U* = (1, 7).
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For the non-relativistic classical field ¢ = ne=*(™**+5) T, is of the form

p —pU
ATy = 20m0n —6i;Vn-Vn

T = —pT  pviod + ATy =655 (plT* — 2mn?9,S + An*) (1)

where p ~ 2m?2n?, vj ~ 0;S/m, and AT;; is the extra pressure intrinsic to the classical
scalar field. There is a part related to the field gradients, sometimes refered to as “quan-
tum pressure”[8], and a part due to self-interactions, which is linear in the four-axion coupling
A=-m2/(12 fl%Q). Since the self-interaction pressure of axions is negative, it causes axions to
clump (like gravity). Rindler-Daller and Shapiro [6] argue that this negative pressure discour-
ages vortices in axion halos.

Notice that the pressure excess AT;; arises because the misalignment axions are a classical
field. There is no additional requirement of “bose einstein condensation”. In calculations, Bose
Einstein condensates are described at leading order as non-relativistic classical fields[8]; since
this is what the misalignment axions are, one could also say the misalignment axions are a bose
einstein condensate. However, in my opinion, this comes with baggage of un-useful ! intuitions
from classical equilibrium statistical mechanics, and from well-known strongly interacting Bose
Einstein condensates such as *He. So its simpler and clearer to refer to misalignment axions
as a classical scalar field.

The pressure excess AT;; confirms Sikivie’s expectation that axions could differ from WIMPs
during non-linear structure formation. This can most easily be seen from the “continuity” and
“Euler” equations obtained from 7"}, = 0:

op+V-(pt) = 0 continuity
po U+ p(U-V)0 = —pVip —pVQ — VPs; Euler |
where 1) is the Newtonian gravitational potential, Q = —ﬁv% describes the “quantum

kinetic energy” related to the “quantum pressure” of the classical field, and Pg; = 2An* is
proportional to the pressure arising from the Self Interactions of the field. The point is that the
extra pressures generate extra forces on the dark matter distribution. It would be interesting
to numerically simulate galaxy formation using fluid equations for the dark matter, rather than
N-body. This could allow to identify differences between galaxies made of classical axion field
versus cold particles.

3 Gravitational evaporation of the field?

An important question remains, before studying galaxy formation in the the presence of the
classical axion field: can gravity move axions between the field and the particle bath? One
could imagine that during violent moments of galaxy formation, the field gets stirred up, and
evaporates into particles. Or maybe the particles condense to the field, due to their high
occupation numbers?

This process of “decay” of the field into particles should arise somewhere in the path integral
formalism. For instance, in the case of a A¢* interaction, this “decay” of the field will arise as an

1Statistical mechanics is un-useful because its about the classical particle limit of QFT, and *He is a poor
analogy because axions are feebly coupled.
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imaginary part of loop corrections to the potential, in a 2 Particle Irreducible Closed-Time-Path
evaluation of the path integral. A more simple-minded estimate was performed in [3].

First, notice that classical gravity, at O(G ), does not move the particles between the field
and the bath, because the field and particles contribute independently to the stress-energy
tensor:

Tm/ — T,E,de) + T,SIZG”)

Then, one can estimate the O(G%) cross-section for axion scattering via graviton exchange,
aa — aa. If one of the incident axions is in the classical field, and both final state axions
are free particles, this would correspond to field “evaporation. The cross-section is infra-red
divergent, so the choice of infra-red cut-off is crucial. I claim that a reasonable IR cutoff is the
inverse axion momentum, because on much larger distances, the graviton will not see individual
axions, but rather will interact coherently with a large number of axions. Therefore the the two-
axion scattering process, aa — aa, only occurs when the momentum exchange is of order the
axion momentum. In this case, the rate for the field to evaporate to particles via gravitational
interactions is found to be negligeably small, because it is suppressed by (m,/ mpl)?’.

4 Summary

The axion misalignment field has additional contributions to the pressure, as compared to a
bath of cold particles. This is automatic, no dynamical process of Bose Einstein condensation
is required. As suggested by Sikivie, this extra pressure could give observational signatures in
the structure of galaxies. It would be interesting to numerically simulate galaxy formation with
a fluid code which allowed the dark matter to have pressure, to discover whether galaxies made
of axion dark matter look different.
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A search for resonant absorption of the solar axion by ®3Kr nuclei was performed using
the proportional counter installed inside the low-background setup at the Baksan Neutrino
Observatory. The obtained model independent upper limit on the combination of isoscalar
and isovector axion-nucleon couplings |gs — go| < 1.69 x 107¢ allowed us to set the new
upper limit on the hadronic axion mass of ma < 130 eV (95% C.L.) with the generally
accepted values S=0.5 and z=0.56.

1 Introduction

If axions do exist, then the Sun should be an intense source of these particles. In 1991 Haxton
and Lee calculated the energy loss of stars along the red-giant and horizontal branches due to
the axion emission in nuclear magnetic transitions in 5"Fe, 5*Mn, and 23Na nuclei [1]. In 1995
Moriyama proposed experimental scheme to search for 14.4 keV monochromatic solar axions
that would be produced when thermally excited 5“Fe nuclei in the Sun relax to its ground
state and could be detected via resonant excitation of the same nuclide in a laboratory [2].
Searches for resonant absorption of solar axions emitted in the nuclear magnetic transitions
were performed with 57Fe, "Li and 8Kr (see [3] and refs therein).

In this paper we present the results of the search for solar axions using the resonant absorp-
tion by 82Kr nuclei [4]. The energy of the first excited 7/2% nuclear level is equal to 9.405 keV,
lifetime 7 = 2.23 x 10~7 s, internal conversion coefficient o = 17.0 and the mixing ratio of 1
and 2 transitions is § = 0.013.

In accordance with indirect estimates the abundance of the krypton in the Sun (Kr/H) =
1.78 x 1079 atom/atom [5] that corresponds to N = 9.08 x 10*? of 33Kr atom per 1 g material
in the Sun. The axion flux from a unit mass is equal

B 2exp(—fr) 1 wa
00(T) = 14 2exn(—B7) 7o w~ S
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where N - number of 3Kr atoms in 1 g of material in the Sun, By = E, /KT, 7, - lifetime of
the nuclear level, wa/w., - represents the branching ratio of axions to photons emission. The
ratio wa/w, was calculated in [6, 7, 1] as

wa _ 1 1 goB + g3 r<PA)3
wy  2mal+62 | (o —0.5)8 4 us —n Py

where po and ps - isoscalar and isovector magnetic moments, gg and gs - isoscalar and isovector
parts of the axion-nucleon coupling constant g4y and 8 and n - nuclear structure dependent
terms.
In case of the 833Kr nucleus, which has the odd number of nucleons and an unpaired neutron,
in the one-particle approximation the values of § and 1 can be estimated as 5 ~-1.0 and 1 =0.5.
In the hadronic axion models, the go and g3 constants can be represented in the form [8]:

) 3)

2)

my 14+ 2z—2w
=——2S4+@BF -D)———m—
90 =g, 25+ Tro7w

my 1—=2

93=—m[( +F)m]~ (4)

where D and F' denote the reduced matrix elements for the SU(3) octet axial vector currents
and S characterizes the flavor singlet coupling. The parameter S characterizing the flavor
singlet coupling still remains a poorly constrained one [3]. The most stringent boundaries
(0.37 < 5§ <0.53) and (0.15 < § < 0.5) were found in [9] and [10], accordingly.

The axion flux was calculated for the standard solar model BS05 [11] characterized by a
highmetallicity [12]. The differential flux at the maximum of the distribution is

w
®4(Epn) = 5.97 x 102 (A) em ™25 eV L (5)
Wy
The width of the resulting distribution, which is described well by a Gaussian curve, is o =
1.2 eV. This value exceeds substantially the recoil-nucleus energy and the intrinsic and Doppler
widths of the level of 33Kr target nuclei. The cross section for resonance axion absorption is
given by an expression similar to the expression for the photon-absorption cross section, the

correction for the ratio w4 /w~ being taken into account.

e O

where 0¢, = 1.22x 107 *¥cm? is the maximum cross section of the y -ray resonant absorption
and I' = 1/7. The total cross section for axion absorption can be obtained by integrating o(E 4)
over the axion spectrum. The expected rate of resonance axion absorption by the ®3Kr nucleus
as a function of wa/wy, (93 — go) and m4 can be represented in the form (S = 0.5, z = 0.56):

o (Ea) = 2/700, exp {

Ralg 'day '] = 4.23 x 10°* (wa /w,)? (7)
=8.53 x 10* (g3 — 90)* (pa/p,)° ®)
=2.41 x 107 %ma)*(pa/p,)°. (9)

2 Experimental setup
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10—

not rejected events
— all events

Counts/ bin
S

50 10 150 200
Energy, 0.1keV / bin

Figure 1: Original energy spectrum and
spectrum after rejection of the events with
pulse rise time > 3.8us and A < 0.115

To register y-quantum and conversion electrons
appearing after deexcitation of the ®3Kr nu-
clei a large proportional counter (LPC) with
a casing of copper is used. The gas mixture
Kr(99.55%)4Xe(0.45%) is used as working media,
krypton consisted of 58.2% of 83Kr. The LPC is
a cylinder with inner diameters of 137 mm. A
gold-plated tungsten wire of 10 pym in diameter is
stretched along the LPC axis and is used as an an-
ode. To reduce the influence of the counter edges
on the operating characteristics of the counter, the
end segments of the wire are passed through the
copper tubes electrically connected to the anode.
The fiducial length of the LPC is 595 mm, and
the corresponding volume is 8.77 L. Gas pressure
is 5.6 bar, and corresponding mass of the 83Ki-
isotope in fiducial volume of the LPC is 101 g.
The LPC is surrounded by passive shield made
of copper (~20 cm), lead (~20 cm) and polyethy-
lene (8 cm). The setup is located in the Deep

Underground Low-Background Laboratory at BNO INR RAS [13], at the depth of 4900 m w.e.,
where the cosmic ray flux is reduced by ~ 107 times in comparison to that above ground, and
evaluated as (3.0 £0.1) x 1072 em™2s™! [14].

3 Results

10°
m,<697 eV
s=0.23

D

= m,_ <130 eV
1S A
1 s=05
5 m,< 71 eV,
1077 S =06

Figure 2: Upper limits on the hadronic-
axion mass versus parameter S (z=0.56)
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The background spectra collected during 26.5 days
and fit result curve are presented in Fig.1. The
peak of 13.5 keV from K-capture of 81Kr is well
seen. 3'Kr is a cosmogenic isotope. The distri-
butions of the events versus pulse rise time and
parameter A\ (the ratio of amplitudes of secondary
and primary pulses) are were investigated [15].
The pulses with rise time longer 4.4 us are mostly
events from the inner surface of the cathode or
multisite events. The events with A < 115 are
mostly close to the edge of the fiducial volume or
out of it .

Thus, as we are looking for single site events
in the inner volume of the detector. The events
with pulse rise time longer 3.8 us and A lower
then 0.115 are rejected. The resulting spectrum
in comparison with original one is presented in
Fig.1. There is no visible peak around 9.4 keV
from axions. The upper limit on the excitation
rate of ®3Kr by solar hadronic axions is defined as
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Regp = 0.069 g 'day~!. This relation Ry < Rczp limits the region of possible values of the
coupling constants gg, g3 and axion mass m 4. In accordance with Egs. (7-9), and on condition
that (pa/py) = 1 provided for ma < 3 keV one can obtain:

g3 — go| < 1.69 x 107°, and (10)

ma <130 eV at 95% C.L. (11)

The limit (11) is stronger than the constrain obtained with 14.4 keV 57Fe solar axions -

(ma < 145 eV [3]) and is significantly stronger than previous result obtained in 83Kr experiment

[16].

As in the case of ®"Fe nucleus the obtained limit on axion mass strongly depends on the

exact values of the parameters S and z (Fig.2).

The work is supported by Russian Foundation of Basic Research (Grants No. 14-02-00258A,

13-02-01199A and 13-02-12140-ofi-m).
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‘We discuss the problem of constructing models containing an axion and axion-like particles,
motivated by astrophysical observations, with decay constants at the intermediate scale
ranging from 10°GeV to 10'*GeV. We present examples in which the axion and axion-like
particles arise accidentally as pseudo Nambu-Goldstone bosons of automatic global chiral
symmetries, in models having exact discrete symmetries.

Pseudoscalar bosons very weakly interacting and having low mass — below the eV scale for
example — are common in the particle spectra of theories aiming to answer questions left open
by the Standard Model (SM) like, for example, the CP conservation of the strong interactions,
and the nature of dark matter. The axion is a prominent example occurring in extensions of
the SM constructed to solve the strong CP problem [1, 2, 3]. Not connected with this last
problem, but with interactions similar to the axion, are the axion-like particles (ALPs). For a
review see [4].

Axions and ALPs arise in models containing global symmetries that, besides being sponta-
neously broken, are also explicitly broken conferring small masses for those particles character-
izing them as pseudo Nambu-Goldstone bosons. There are astrophysical phenomena motivating
the construction of models containing at last one ALP in addition to the axion [5]. Thus, we
consider first a simple case of SM extensions containing two global chiral symmetries, U(1); x
U(1), with each factor broken spontaneously by vacuum expectation values (vev) (o;) = v;/v/2
of SM singlets complex o;(z) = [v; + pi(m)]emg(w)/f”é /V/2, i = 1, 2, where the decay constants
Ja; depend on v; and the vev of other scalar fields carrying charge of the U(1);s. At energies
much below the scales v; ~ fu, the low energy effective Lagrangian contains the aj(z) fields
interactions with the gluons and electromagnetic field, through the field strengths G, and F},,,

Za a)o'al — o2 chgff Ga, G — Zcmfv Fyu 1. (1)

We have omitted the a}(z) interactions with fermionic fields since we are not going to discuss
them here. The anomaly coefficients, C;4, and Cj, are model dependent but typically of order one
in common models [5]. It is observed in Eq. (1) that the fields a;(z) can be made very weakly in-
teracting if the decay constants f,/ are sufficiently high — much above the electroweak scale ~ 246
GeV. Equation (1) has the axion as the particle excitation of the field A(z) = C14 @ (z) fa/ fa; +

Cag ay(w)fa/fay, with the ALP the one of the field a(z) = Oy a(z)fa/ fay - C1ga3(x)fa/ fay,
and the decay constants 1/f3 = 1/f2 = (Cig/fa;)? + (Cag/fa;)?. The axion and the ALP
couplings With the photon are defined through —22x (j)FWﬁ“ , where ¢ = A, a, from Eq. (1)

as gay = 54 (C1,C1 /) far, + CogCay/ far, — 1.95) and Jary = 2 (C1yCoy — C14Coy) | far far-
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The number -1.95 in the above is a universal contribution from the axion-neutral pion mixing.
ga~ and gq are the main couplings of the axion and ALPs, respectively, giving rise to notable
phenomena like photon-axion/ALP oscillations [4]. Intermediate energy scales for the decay
constants such that 10°GeV< fa < 10'3GeV are specially interesting. This furnishes the val-
ues of gay and g, within the ranges to be probed directly in new experiments, required to
potentially explain some phenomena hinted by astrophysical observations. Depending on their
masses, the axion and the ALP could also be cold dark matter candidates.

The pseudo-Nambu-Goldstone field A(x) is associated to the Peccei-Quinn symmetry, U(1) pg
(C U(1)1 x U(1)2), which is a chiral global symmetry with the special property of being anoma-
lous — explicitly broken by non-perturbative effects — in the quarks sector leading to the interac-
tion term fiAA Gﬁué“’“”. This allows the elimination of the CP violation term éwaé“’“” ab-

sorbing the f-parameter into the axion field as A+6 f4 — A [1]. Also, it is generated a potential

V(A) ~m?f3 [1 — cos (f%)} , in which the axion massis my = mj:'Af” 1‘@ ~ GmeV X (wgfﬁ),

with m, the mass of the pion, f, its decay constant, and z =~ 0.56 [2]. V(A) leads to the result
that the effective CP violation parameter turns out to be zero by the fact that (%) =055 =0.

This solves the strong CP problem, which is a fine tuning problem once § must be very small,
arising due the non-observation of a electric dipole moment of the neutron, whose actual mea-
surements limits |9 < 10710 [6].

Differently from the axion the ALP remains massless — as Nambu-Goldstone boson of the
combined U(1); out of U(1)pg — unless there are additional interactions explicitly breaking
its associate global symmetry and, thus, generating an extra potential §V (a}). Massive ALPs
have been implemented in ultra-violet completions of the SM for several purposes [5]. But the
explicit breakdown of the global symmetries must occur in a controlled way to get appropriate
ALPs masses and preserve the solution of the strong CP problem. In fact, it is not expected that
gravitational interactions conserve global symmetries. It is known that operators suppressed
by the Planck scale Mp; like U{Lalg/Mg*‘L, with D = n 4+ k > 4, might bring corrections
to the axion potential such that 66 > 1071 if not forbidden until a certain dimension D >
9/ [1—0.11og (fa/10°GeV)] [7]. Discrete gauge symmetries Zy [8], with N = D+1, have been
used to resolve the problem of having dangerous effective operators in axion models [9], and also
in models containing axion plus ALPs [5]. Another compelling reason for these Zy symmetries
is that if they are appropriately postulate anomalous symmetries like U(1)pg may arise as
automatic quasi exact symmetries. This avoids the non-natural impositions of global continuous
symmetries which are already explicitly broken, as is the case of the U(1) pg symmetry.

A model in which the axion and ALPs have their masses and couplings controlled by discrete
symmetries is the Z13®Zs ®Z§ model proposed in [5]. It is a hybrid of invisible axion models [10]
plus an ALP. The field content of the model beyond the SM one is: four SM Higgs doublets
Hy, an SU(2)p, triplet T, a vector-like color triplet (Qr,®@r), three right-handed neutrinos
N;r, and two SM singlet fields o12. The fields charges of the imposed discrete symmetry
Z13 @ Zs ® Z§ are shown in Table 1. It can be shown that both the Yukawa interaction
terms and the renormalizable scalar potential of this model have two accidental global chiral
symmetries and, thus, an axion and one ALP. Additionally, the interaction terms L;H ~NNjr
and (N;r)¢01N;g, allowed by the discrete symmetries of the model lead to a seesaw mechanism
for generating small masses to the active neutrinos.

The lowest dimensional effective operator invariant by the discrete symmetry, but breaking
U(1):®U(1)2 explicitly is 37w H]T\,Hda}‘SUg. This generates a tiny mass m, ~ 10733 eV to
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Yi |qu ur dgp L Nr g H, Hy H Hy o3 T QL Qr o1
Ziz | wiy wiz wiy wis wiy wfs wiy Wiy wis WZ3 wiz Wiy 1 wiy WI:;
Zs 1 ws wé 1 ws wé ws Wy Wy W 1 wg ws wg’ wg
ZE |1 w1 1 w? wi w1 w Wl ows w1 wi ows

Table 1: Zy charges of the Z3 ® Zs ® Z% model, where w3 = €?2™/13 and wy = 27/°.

the ALP, assuming the values v; ~ fa ~ 10 GeV, v; ~ 7.5 x 10'° GeV, taking the Higgses
doublets vevs vy ~ 100 GeV, the Planck scale Mp; = 10'® GeV, and g = 1. The axion mass
is approximately m, ~ 0.6 meV, not been affected in a significantly manner by the Planck
suppressed effective operators. For the couplings ga, gay, the coefficients entering in them
are Cig = 1, Cyy = 3, C1, = 6, C2y = 4, where we assume the electric charge of Q1 r equal
to one. This furnishes |ga,| ~ 4 x 10713 GeV~!, and |gq,| ~ 2 x 10713 GeV~!. With these
values for the coupling to photons and mass the axion can be a dark matter candidate, but
still outside the region to be probed directly by present experiments. The ALP in this model
has the coupling to photons and mass within the range required explanation for the soft X-ray
excess from Coma cluster [11], and also being in the reach of proposed experiments [5].

We present another construction containing, in addition to the axion, two photophilic ALPs
is the Z11 ® Zg ® Z7 model. It is motivated by distinct ranges of coupling to photons and mass
required to explain the anomalous transparency of the Universe [12] (see [5] and references
therein), and the unidentified X-ray line of 3.55 keV found in recent observations [13]. With
the latter supposed to be due a two photon decay of a dark matter ALP with mass of 7.1 keV
[15]. The field content of the Z1; ® Zg ® Z7 model has beyond the SM fields: one vector-like
color triplet (Qr,Qr); two noncolored vectorial charged fermions (Er, Er), (£, ER); three
right-handed neutrinos N;g; and three SM singlet fields ;. The fields charges of the discrete
symmetry are shown in Table 2.

gr |ur |dr | L | lg [ Np| H |Qr |Qr| 01 |02 |EL | Er| o3| Ep | ER

Zy | 1| w2 | wi | 1 |wh|w|w|w|wd|lw |1 ]|wd|w|w]|wd]w?
Zo | 1 | w§ | wsg | w§ | wg | ws|wi| 1 |w§|wy|w]|uw§]| 1 1| wd | wi

3 2 10 5 3 9 7 10 9
Zay | 1 |wip |wip | Wi | wig | Wip | Wi | wip | wig [ win | ] I jwpip | 1 [wpg |wiyg

Table 2: Zy charges of the Z; ® Zg ® Z11 model.

It is shown in [5] that the Yukawa interaction terms and the renormalizable scalar potential
allowed by the discrete symmetry have three global chiral symmetries, U(1);@U(1)2®@U(1)s3.
Each one of them is spontaneously broken by the respective singlet vevs (o;) = v1/v/2, with
the axion being related to related to U(1);, the ALP as to U(1)2, and the ALP a3 to U(1)s.
There is no one relevant Planck suppressed operator correcting the axion mass. The lowest

dimension operators breaking U(1)s and U(1)3 are 1% (02)? and J\fj—; (02)7, respectively. In
Pl Pl

order to give an example we set vy = 109 GeV, v3 = 3 x 10° GeV, g = 1, and ¢’ ~ 0.1. This

furnishes mg, ~ 1077 eV, g,y ~ 2.2 x 10711 GeV~! to the ALP ay making it able to explain

the anomalous transparency of the Universe [12], and also in the search range of the experiment
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ALPS II [14]; and m,, ~ 7.1 keV, gqy &~ 7.7 x 1073 GeV~! to the ALP a3 so that it can
explain the 3.55 keV line through its two photons decay [15].
For other developments on discrete symmetries originating from string theory see [16].
Acknowledgments — This work is partially supported by CNPq (grant 303094/2013-3)
and FAPESP (grant 2013/22079-8). The author thanks the support of workshop organizers.
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The Any Light Particle Search II (ALPS II) requires a sensitive detection of 1064 nm
photons. Thus, a low dark count rate (DC') and a high detection efficiency (DE) is needed.
ALPS has set up a transition-edge sensor (TES) detector system, namely the ALPS TES
detector. It is found that thermal photons from room temperature surfaces are the main
contribution of dark counts for 1064 nm photon signals. Furthermore, the current setup of
the ALPS TES detector shows an improvement compared to using the ALPS I detector.

1 Introduction

ALPS 1T is a light-shining-through-a-wall experiment based on an optical laser [1]. Compared to
ALPS I, the overall experimental sensitivity will be increased by extending the magnetic length,
improving the optical system and setting up a more sensitive photon detector.! According to
the latter, a detection of low-flux single 1064 nm photons is required [2]. Therefore, we have
set to work on developing a TES detector system [3]. In the last year, the completed setup has
been characterized concerning its experimental sensitivity for the first time [4].

2 ALPS detector sensitivity

The ALPS II experiment asks for a detection of low rates of single 1064 nm photons. The
sensitivity of the axion-like particle-photon coupling, g.., concerning only the ALPS detector
is defined as [5]:

Susconlon) = (VDC/DE)"" (1)

where DC is the dark count? rate and DE is the (overall) detection efficiency of the detector.
The smaller this figure of merit the higher the gain for the ALPS experiment.

The ALPS I detector was a commercial state-of-the-art silicon-based charged-coupled device
(CCD) [6]. Using this CCD camera to detect 1064 nm light, the sensitivity is limited due to
DEccp = 1.2 % [7]. With DCccp = 1.2- 1072 s71 [7] it results:

Scep = 1.303 s71/8 (2)

The goal of a new detector is to reach a higher sensitivity or lower figure of merit, Sqetector-

1These improvements can be illustrated by the board game “Axionator”, see the corresponding slides or
contact the author.
2A dark count is defined as an event which cannot be distinguished from signals.
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3 The ALPS TES detector

Detectors based on transition-edge sensors (TESs) can reach a high sensitivity [8]. TESs are op-
erated within the superconducting transition of the sensor’s material. Thus, small temperature
changes like by a photon cause measurable changes of the electrical resistance.

For the ALPS TES detector, we are using a tungsten-based TES from NIST [9]. These kind
of sensors are optimized for detecting single photons around 1064 nm. Single mode fibers are
attached to NIST TES chips [10]. For 1064 nm signals, a detection efficiency of DE = 97 %
+ 2 % syst. £ 1 % stat. was measured [11]. Exact measurements of ALPS TES detector’s
DE are underway within the collaboration. For the considered dark count rate in this paper
(Sec. 5), we conservatively estimate [4]

DErgs = 18 % (3)

which includes a low analysis efficiency due to necessary cuts on the signal region (Sec. 5).

We are operating the NIST TES at a bath temperature of T,,tn = 80 mK £ 25 yK due to the
superconducting transition T, ~ 140 mK of the TES [4]. The bath is provided by an adiabatic
demagnetization refrigerator (ADR) system. The 2.5 K-precooling is provided by a pulse tube
cooler. The subsequent mK-cooling is provided by a 6 T magnet and a salt pills unit, which
allows to establish a continuous 80 mK-operation for > 20 h. The low-noise current read-out
of the TES circuit is provided by an dc 2-stage SQUID from PTB [12]. For signal calibration
as well as for long-background measurements, we have used an oscilloscope DPO7104C from
Tektronix as data acquisition system (DAQ).

4 Signals and thermal photonic background

Applying an attenuated laser for single photon source, we consider the distribution of the pulse
heights PH (Fig. 1). We observe three event classes [4]:

e Signal photons: 1064 nm photons normally distribute around PH =~ —55 mV. Fitting a
Gaussian distribution allows to define a signal region and to determine an energy resolu-
tion of a 1064 nm photon signal. We observe (AE/E)1064 nm = 7 — 8 %.

e Sensor noise: The signal peak is clearly separated from the noise peak around PH = 0 mV.
The noise is mainly caused by the fundamental TES noise.

e Thermal photons: Thermal photon events are observed due to the warm fiber end at room
temperature. The optical transmittance of the single mode fiber and the TES absorptivity
cause an effective peak between 1550 and 2000 nm. Thermal photons through the fiber
are confirmed by operating the TES in a < 4 K-environment without optical fiber link.
Thermal photons are also observed by other groups as a reasonable background source
[13].

While the intrinsic noise is no possible source for dark counts of 1064 nm signals, the spec-
trum of thermal photons can reach the 1064 nm signal region and result in a dark count. Further
background events, like intrinsic, are well discriminated by a proper pulse shape analysis [4].
To estimate an expected dark count rate, we consider a conservative model: 300 K black body
spectrum, no optical losses and an overall energy resolution of AE/E = 10 %. Furthermore,
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we only consider the high-energetic 3o-region of 1064 nm signals which corresponds to photon
wavelength between 818 and 1064 nm (Sec. 5). This results in a photon rate of 3.4 -107% s~!
due to a room-temperature black body spectrum. This number is compared to long-term mea-
surements in the next section.

5 Dark count rate

To determine the dark count rate of

a fiber-coupled TES, the warm fiber wavelength [nm]

end outside the cryostat was ade- 777 1064 1550 2000
quately covered, so that no ambient 80 G =@0x02)mV ' '
light can couple into the open fiber ~— 70 W =(-54.8 £0.2) mV
end. We have analyzed each trig- 5 ¢o JAE/ E=(74%03)%
ger event of two long-term measure- £ 5 :15 g
ments (> 14 h) offline. Only events s 40 E g
showing a single photon pulse shape Z 30 155
were taken into account [4]. 3 20 :E 2
Furthermore, as mentioned above, ° 10 nz

we only consider the high-energetic 0
half 3o-region of 1064 nm signals pulse height PH [mV]
due to the used trigger level. This
is necessary because of the used
DAQ: A corresponding low trigger
level around a PH of 1550 nm pho-
tons results in a too high trigger

Figure 1: Exemplary pulse height distribution: Pulse
heights PH of trigger events are negatively plotted in
mV-units of the DAQ (bottom x-axis) and in nm-units
of wavelength (top x-axis). Signal photons are around
ratfa due to the thermal Spe.zctrunm 1064 nm (red Gaussian shape). For the results, the high-
which Would. cause dead time .ef— energetic half of the 3o-region is considered (dashed black
fects. For this setup, we determine box). Sensor noise is distributed around 0 mV. Ther-
a dark count rate of mal photons from room temperature surfaces are roughly
found between 1550 and 2000 nm. For a pile-up estimate,
DCrps =8.6-1072 7! (4)  the thermal peak is split in two contributions 7; and fio
(dashed red boxes).

Comparing this rate to the esti-
mate rate due to a black body spec-
trum (Sec. 4) the measured rate is ~1.5 orders of magnitude higher than the expected rate.
It is found that a plausible explanation are pile-up events of thermal photons [4]. A first-
order pile-up rate 7. can be estimated by a formula describing accidental coincidences [14]:
Neff = 27T N1 No Where 7 is the resolving time and 17 and N uncorrelated rates. The time resolu-
tion of the current setup is constrained by the analysis method and is conservatively estimated
by 7 =~ 0.5 ps. The rates n; and no are estimated from Fig. 1: We split the thermal peak in
two parts and assume that two photons from each part can effectively combine to a 1064 nm
signal event. It is 71 ~ 7y ~ 102 s~!. Thus, the rate for first-order pile-ups imitating 1064 nm
events is feg ~ 1072 s71. fieg is in the same order of magnitude as the measured rate DCrgg
(Eq. 4).
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6 Conclusion
Using the ALPS TES detector, the experimental sensitivity (Eq. 1) results in
Srps = 0.847 s71/8 (5)

where we used the estimated DErgg (Eq. 3) and the measured DCrgg (Eq. 4). Compared to the
CCD (Eq. 2), this results in a sensitivity gain of Sccp/Strs = 1.54 for the ALPS experiment.
This proves the gain of using a TES-based detector instead of the CCD camera system to detect
single 1064 nm photons. Furthermore, we are motivated to improve the ALPS TES detector.
Most promising is to reduce the thermal background by using an optical bandpass filter and an
improved analysis for pile-up rejection.
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During 2014 the PVLAS experiment has started data taking with a new apparatus installed
at the INFN Section of Ferrara, Italy. The main target of the experiment is the observation
of magnetic birefringence of vacuum. According to QED, the ellipticity generated by the
magnetic birefringence of vacuum in the experimental apparatus is expected to be 1(@FP) ~
5 x 1071, No ellipticity signal is present so far with a noise floor %) ~ 2.5 x 107°
after 210 hours of data taking. The resulting ellipticity limit provides the best model
independent upper limit on the coupling of axions to v+ for axion masses above 107 V.

1 Introduction

Several experimental efforts have been set up with the main goal of observing magnetic birefrin-
gence of vacuum [1, 2, 3]. This effect is expected to generate ellipticity on a linearly polarized
light beam which propagates in vacuum in the presence of a magnetic field B orthogonal to the
direction of the light beam. Magnetic birefringence of vacuum is a manifestation of nonlinear
electrodynamic effects [4] due to vacuum fluctuations and predicted before the full formulation
of QED. It results from the interaction of incoming laser photons with virtual photons of the
magnetic field. Magnetic birefringence of vacuum is closely related to elastic light-by-light in-
teraction [5]; neither effect has yet been observed. Detection of the magnetic birefringence of
vacuum is of major importance because it would represent the first direct observation of the
interactions between gauge bosons present both in the initial and the final states.

Spin zero light particles which couple to two photons may also contribute to birefringence [6]:
observation of a magnetic birefringence different from the value predicted by QED could indicate
the existence of light scalar or pseudoscalar particles [axions [7] or axion-like particles (ALPs)]
of paramount importance for cosmology and for QCD. A limit on the ellipticity generated in an
apparatus like the PVLAS ellipsometer gives a model independent indication on the axion mass
m, and the coupling constant g, to two photons. Much better limits reported by CAST [8]
depend, instead, on the assumed density of spin zero particles that traverse the apparatus.
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2 Apparatus and Method

A new set up is installed in Ferrara, Italy, featuring a tabletop ellipsometer with two identical
permanent dipole magnets each with a maximum field of 2.5 T over a 0.8 m length rotating
up to 10 Hz. Figure 1, top panel, gives a schematic top view of the apparatus, whereas Fig. 1,
lower panel, shows a photograph of the apparatus. The principle of the experiment follows the

Lens Beam DumpT Granite optica.l table @ = Photo diode
¢ @ Laser ¢ -Lens
2 4 = =g .
Optical WPs @ = Beam sampler or splitter
Isolator & = Mirror

Figure 1: Upper panel: scheme of the apparatus. Lower panel: wide-angle picture of the
PVLAS apparatus. The two blue cylinders are the dipole permanent magnets.

measurement scheme proposed in 1979 by Iacopini and Zavattini [9]. Linearly polarized light
is injected in the ellipsometer, which is installed in a UHV enclosure. The ellipsometer consists
of an entrance polarizer P and an analyzer A set to maximum extinction. Between P and A
are installed the entrance mirror M1 and the exit mirror M2 of a Fabry-Perot cavity FP with
ultra-high finesse F [10]. The laser source is frequency locked to the cavity [11]. The light
stored between the two FP mirrors travels through the magnetic field region making typically
N = 2%'_ = 4.3 x 10° reflections (corresponding to a path of about 800 km). When the fields of
the two magnets are parallel, the ellipticity ¢ induced on the linearly polarized light beam is

T AR fOL B2di
A

where A = 1064 nm is the laser wavelength, L = 1.6 m the length of the path through the
two magnets, 9 is the angle between the light polarization vector and the magnetic field vector
and Angvac) = 3.97 x 1072* T2 is the unitary birefringence of vacuum predicted by QED.
To measure such a small quantity, a heterodyne technique is used: a photoelastic modulator
PEM introduces a time dependent carrier ellipticity with amplitude n ~ 1073 at a frequency
vpeM ~ 50 kHz and the magnets are set in rotation at the same frequency vmae ~ 3 Hz. The
ellipticity generated by the magnets is modulated at twice the magnet rotation frequency. In
the frequency spectrum of the signals detected by the photodiode PEXT the beating of the
magnet and PEM ellipticities generate signals with amplitudes proportional to 21y ~ 10! at
the frequencies vppm £ 2Vmag (see ref. [3]).

sin29 ~ 5 x 107! gin 29

QZ} = N"psingle =N
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3 Results

The calibration of the apparatus has been done by measuring the Cotton-Mouton effect of
helium gas at several pressures and controlling the consistency of the results with the values
present in the literature. The left panel of Fig. 2 shows the Fourier spectrum of PEXT signals
demodulated around vpgy for a 5.7 hours run with 32 pbar He in the UHV enclosure and the
magnets rotating at vmae = 3 Hz. The spectrum features a clear peak at 2uy,¢ corresponding
to a Cotton-Mouton ellipticity ¢(He @ 32ubar) = 1.13 x 10~7. The baseline ellipticity noise
around 6 Hz is of the order of 1.5 x 1078, The right panel of Fig. 2 shows the ellipticity signal
generated by He at three different pressures.

-9 2
200x10 80107 Coefficient values + one standard deviation
a=(14+1.2) x 102 [T
150 _ 60 b=(220+0.14) X 10 [T atm’]
z =
S ~
B 100 @ 40+
& 2
Tc
50 N 20
0 —
0 T T T T T T T T T T 1
0 1 2 3 4 0 50 100 150 200 250x10°
Magnet rotation harmonic Pressure [atm]

Figure 2: Left: Fourier spectrum of the measured ellipticity ¢ (¢) with 32 pbar pressure of He
after demodulation at Qpgy. The integration time was T = 5.7 hours. The vacuum magnetic
birefringence predicted by QED is equivalent to a He pressure of ~ 20 nbar. Right: measured
AnM®) /B2 as a function of pressure P. The error bars correspond to a lo statistical error.
The data are fitted with a linear function a + bP.

With the ellipsometer in vacuum 210 hours of data have been analyzed, taking into account
amplitude and phase for the signal at 2vm,,, for each run [12]. No peak is present in the resulting
spectrum. The baseline noise level around 2vpy,,g 1S Ynoise = 2.5 X 10~?. Although this represents
a major improvement compared to previous measurements, in view of the expected sugnal of
the magnetic birefringence of vacuum v =~ 5 x 10~ ', we have still to recover a missing factor
~ 50. This will be done identifying and reducing the sources of noise, which is presently far
above the shot-noise limit.

The ellipticity induced by low mass axions can be expressed as [1]:

Daion = NrL g2B? _ sin2z
axion — A ng 21‘

where m, is the axion mass, L the magnetic field length, » = LZ: o and w is the energy of
the laser photons. The measured ellipticity noise ¥yoise ~ 2.5 x 10~ gives an upper limit for
Yaxion, represented as an exclusion plot for the coupling constant g, as a function of the axion
mass m,. Figure 3 updates the limits given by model independent laser experiments. One may
notice that the limits derived by PVLAS-Fe are the most restrictive in the m, mass region
above 1073 eV,
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[2)
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Figure 3: Exclusion plot at 95 % c.l. for axion-like particles for model independent experiments.
In green, limits from the ALPS collaboration [13]; in blue the new bounds presented here.
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Stellar evolution considerations are of fundamental importance in our understanding of
the axion/ALP-photon coupling, ga,. Helium burning stars are the best laboratories to
study this coupling. Here, we will review the bounds from massive and low mass helium
burning stars, and present a new analysis of the bound from the horizontal branch stars.
The analysis provides the strongest bound to date on g, in a wide mass range.

1 Introduction

For several decades stellar evolutionary arguments have provided an invaluable tool to under-
stand various properties of light, weakly interacting particles, offering an alternative to terres-
trial experiments and often providing even stronger bounds over wide regions of the parame-
ter space. Some of the most successful examples include the study of nonstandard neutrino
properties [1, 2, 3, 4], majorons [5], novel baryonic or leptonic forces [6], unparticles [7], extra-
dimensional photons [8], axions [9, 10, 11, 4, 12] and, in general, WISPs (Weakly Interacting
Slim Particles) [13].
Here, we are interested in the axions, and in particular in its coupling to photons

L= —%aFﬁ‘ = g0, E-B. (1)
Standard (QCD) axions are expected to satisfy a simple relation between mass and coupling,
(ma/1 eV) = 0.5¢ g10, where g10 = ga,/(107°GeV ') and ¢ is of order 1 in many motivated
axion models. This defines the so called azion-line in the m, — g, plane. However, models of
QCD-axions which do not satisfy this relation existed for a long time [14, 15, 16]. In addition,
recently a considerable attention has been devoted to the so-called Axion-Like-Particles (ALPs),
light pseudoscalr particles, coupled to photons as in Eq. (1) but not necessarily on the axion-
line. Such particles emerge naturally in various extensions of the Standard Model (for a recent
review see [13]) and are phenomenologically motivated by a series of unexplained astrophysical
observations (see, e.g., [17] and references therein).

Several experiments are currently involved in the axion/ALP search. In particular, the
CERN Axion Solar Telescope (CAST) [18], a 3*® generation axion helioscope based at CERN,
provides the strongest terrestrial bound, gio < 0.88, on light ALPs (m, < a few eV). A
larger and more sensitive (4" generation) helioscope, the International Axion Observatory
(TAXO, [19]), recently proposed, would allow the exploration of the parameter region about an
order of magnitude below the current CAST bound on go, in a wider mass range.
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However, the strongest current bounds on the axion photon coupling are derived from as-
trophysical considerations. In particular, the analysis of the evolution of intermediate mass
stars, M = 8 — 12 Mg, leads to the bound g9 < 0.8, while the analysis of globular cluster stars
provides the constraint g9 < 0.66. Both bounds apply to a wide mass range, up to a few 10
keV.

2 Helium burning stars and axions

Axions or ALPs with mass below a few keV could be produced in stellar interiors via the
Primakoff process — the conversion of a photon into an axion in the electric field of nuclei and
electrons in the stellar plasma [9]. The Primakoff process is particularly efficient in the core
of He burning stars, at a temperature of about 10°K and density of 10> — 10* g-em™3. At
higher temperatures, though the axions production increases, the pair neutrino process starts
dominating and, by the time Carbon burning processes start, it becomes the main cooling
mechanism of the star.

Stars of low and high mass show qualitative differences during the core He-burning phase
and it is interesting to study them separately.

2.1 Massive stars: the Cepheids bound

Stars a few times more massive than the sun go through the so called blue loop phase while
burning helium. This stage starts with a contraction during which the star becomes hotter
(bluer), followed by a new expansion and cooling which brings the star back to the red region
to the right of the HR diagram.

Interestingly, the beginning of the blue loop is fairly independent from the details of the
core burning and it is fairly unaffected by axion emission, at least in the range of coupling of
interest to us. However, the end of the loop depends on the amount of helium in the core.
The presence of an efficient cooling mechanism speeds up the helium consumption and so can
induce the loop to terminate early or even prevent it from starting. Though known for several
decades (see, e.g., [20]), this observation was applied to the axion case only recently [11] and it
was shown that a value of g19 2 0.8 would eliminate the blue loop evolution for all stars in the
mass range M ~ 8 — 12 Mg,

It is particularly interesting to note that the blue loop extends on the instability strip and so
it is necessary to explain the existence of Cepheid stars, whose properties are well understood
and very well measured. The absence of Cepheids of mass M ~ 8 — 12 M would imply a gap
in the observed oscillation periods (mass and period of a Cepheid are related), a fact which is
not observed [11].

The relation of this bound to the Cepheid stars makes it quite robust from an observational
point of view, since the periods of these stars are very well measured. However, the numerical
modeling does present various uncertainties, especially in relation to the convection prescription.
Notably, some amount of overshooting would reduce the extension of the loop and eventually
eliminate it. The perfect convection prescription is, unfortunately, not known. However, there
are indications in favor a non-minimal overshooting (see, e.g., [21]). If so, the Cepheid bound
on the axion photon coupling could be somewhat lowered. A full analysis of the uncertainties
in this bound is, at the moment, missing.
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2.2 Low mass stars: the HB bound

Low mass globular cluster (GC) stars are also very efficient laboratories to study the axion-
photon coupling. GCs, gravitationally bound systems of stars populating the Galactic Halo, are
among the oldest objects in the Milky Way. Hence only low mass stars (M 0.85 M) are still
alive and, therefore, observable. A typical CG harbors a few millions stars, so that the various
evolutionary phases are well populated and distinguished from each other. It was recognized
early on that axions coupled to photons would significantly reduce the lifetime of stars in the
horizontal branch (HB) evolutionary stage, corresponding to the core He burning phase, while
producing negligible changes during the preceding red giant branch (RGB) evolution [10]. So,
Ja~ can be constrained by measurements of the R parameter, R = Nup /NraB, which compares
the numbers of stars in the HB (Nyp) and in the upper portion of the RGB (Nrgp)-

The original analyses of the axion bound
from HB stars were based on the assumption
that the measured R parameter is well repro- zi CAST (QCD asions)
duced, within 30%, by models of GC stars T B toresionsauayn
without including axion cooling. This ap- '
proach, however, neglects the effects of the
initial helium mass fraction Y which also af-
fects the value of the R parameter. Quanti-
tatively we found [12],

R(ga,Y) =6.26Y —0.41 g% — 0.12. 02 0

CAST (ALPs)
_Cepheids -
0.8 —Cepheids -

Zay (x1071°GeV )

According to the above relation, even a con- 024 ' T os ' o8
siderable decrease of the HB lifetime caused Y

by a large value of g, could be compensated

by a suitable increase in the assumed He con- Figure 1: Constraints on gg-.

tent. Because of this evident degeneracy, a proper evaluation of the axion constraint from the
R parameter relies on our knowledge of the He abundance in the GCs.

This effect has been taken into account in our recent work [12]. In this new analysis, the
recent data for the R parameter [22] have been compared with measurements of the helium
mass fraction Y in GCs [23, 24]. The results are shown in Fig. 1. The vertical lines indicate the
lo and 20 regions of Y and the dot-dashed vertical line the He abundance in the early solar
system Y, provided here as a reference value (see discussion in [12]). The bent curves show
Rave and its 1o and the 20 ranges. The shaded area delimits the combined 68% CL (dark) and
95% CL (light) for Y and R. The vertical rectangles indicate the 68% CL (dark) and 95% CL
(light) for gq~. Previous bounds are also shown.

The resulting constrain g9 < 0.66 (at 95% CL) represents the strongest limit on g, for
QCD axions and ALPs in a wide mass range.

3 Discussion and conclusion

Helium burning stars are an excellent laboratory to study the ALP-photon coupling and provide
the strongest bounds in a wide mass range which extends up to a few 10 keV.

The analysis from massive stars, which provides the bound g9 < 0.8, shows an interest-
ing connection between Cepheids and particle physics and could possibly be applied to other
scenarios in the low energy frontier.
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The recent analysis of globular clusters stars provides an even stronger bound, g9 < 0.66

at 95% CL, and, for the first time, an analysis of the uncertainties.

From the Figure 1, it appears that a weakly coupled axion or axion-like particle could

improve the relation between the observed R parameter and the helium mass fraction. However,
the statistical significance of this result is very low and we prefer, for the moment, to use this
analysis only to extract the upper bound on the coupling. Additional investigation may reveal if
the effect is just due to poor statistics or indicates new physics. In any case, it is intriguing that
the interesting parameter region is well in reach of the next generation experiments, notably
ALPs IT [25] and TAXO [19].
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We study the implications of using the gradient of a scalar field instead of a standard gauge
field at various points: a) in minimal coupling and b) in coupling electromagnetism to a
global charge. The implications in a) can be surprising, leading to possible mixing of this
gauge field with Goldstone bosons, leading to low mass weakly coupled particles, C and
CP violation and in case b) we arrive to a new scalar QED that reproduces features of
axion photon physics.

1 Generalizing minimal coupling using scalar gauge fields

We introduce [1] a complex scalar field ¢ and consider the local phase symmetry of ¢ by
introducing a real, scalar B(x,) in addition to a normal vector gauge field and two types of
covariant derivatives as

D= d,tied, : DP =0, ic0,B. "

The gauge transformation of the complex scalar, vector gauge field and scalar gauge field have
the following gauge transformation

o—ety ; A, —A, -0 AN ; B—B-A. (2)

It is easy to see that terms like D;‘qb and Df ¢, as well as their complex conjugates will be
covariant under (2). Thus one can generate kinetic energy type terms like (D;‘q’))(DA“qS)*,
(DEQB)(DB“@*, (Dﬁ‘@(DB“qb)*, and (D5¢)(DA“</>)*. Unlike A,, where one can add a gauge
invariant kinetic term involving only A,, (i.e. F,, F*¥) this is apparently not possible to do for
the scalar gauge field B. However note that the term A, — 0, B is invariant under the gauge
field transformation alone (i.e. A, — A, —0,A and B — B—A). Thus one can add a term like
(A, —0,B)(A* —0"B) to the Lagrangian which is invariant with respect to the gauge field part
only of the gauge transformation in (2). This gauge invariant term will lead to both mass-like
terms for the vector gauge field and kinetic energy-like terms for the scalar gauge field. In total
a general Lagrangian which respects the new gauge transformation, has the form

L = D)D) +caDEG(DP )" + csDF¢(DP )" + csDF (D ¢)* — V()

1
~Fu F* + c5(A, — 9,B)(A" — 9"B) , (3)
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where ¢;’s are constants. The Maxwell field strength tensor appears in the equation above and
is defined as

F,, =0,A, - 0,A, . (4)

One can see that F),, is invariant under 4, — A, — 0,A.Later we will show that it is possible
to add non-derivative , polynomial interaction terms for the B field. An interesting point to
remark upon is that the last term in (3) will have a term of the form A, A" which is a mass
term for the vector gauge field. This term (contrary to the usual gauge transformation given
in the introduction) does not violate the expanded gauge symmetry of (2).

2 Particle content, the generalized unitary gauge, C and
CP violation

We devote this section to the discussion of the physical reality of the newly introduced scalar
gauge field B(x) and to discuss the particle content of the theory when we have spontaneous
symmetry breaking i.e. when the scalar field ¢ develops a vacuum expectation value due to the
form of the potential V(¢) in (3). At first glance one might conclude that B(z) is not a physical
field — it appears that one could “gauge” it away by taking A = B(z) in (2). However one must
be careful since this would imply that the gauge transformation of the field ¢ would be of the
form ¢ — e ¢ i.e. the phase factor would be fixed by the gauge transformation of B(z). In
this situation one would no longer to able to use the usual unitary gauge transformation to
eliminate the Goldstone boson in the case when one has spontaneous symmetry breaking.

The unitary gauge is the standard procedure to find the particle content of a spontaneously
broken theory. Let us recall how the unitary gauge works: One writes the complex scalar field
as an amplitude and phase — ¢(z) = p(x)e®®). The two fields p(z) and f(z) represent the
initial fields of the system. If ¢(z) develops a VEV due to the form of the potential, V' (¢), then
one can transform to the unitary gauge ¢ — e (@) ¢(z) with A = —f(x)/e. In this way one
removes the field #(x) (which is “eaten” by the gauge boson) and is left with only the p(z) field.
With the introduction of the scalar gauge field, B(x), one no longer can gauge away both 6(x)
and B(z), and in the end one is left with some real, physical field which is some combination
of the original B(z) and 6(x).

We now fix, as far as possible, the character of the ¢;’s in (3). First ¢1, ¢o and ¢5 must be real
since Dit p(DH*¢)*, DEG(DPr¢)* and (A, — 0, B)(A* — 0" B) are real. Next c3 and ¢4 must
be complex conjugates (i.e. ¢z = ¢j) in order that the combination of the two crossed covariant
derivative terms in (3) (i.e. the terms Dﬁd)(DB'ud))* and DEQS(DA“QS)*) be real. Finally we
require that (c; + c2 + ¢3 + c4) = (¢1 + c2 + Re[cs + c4]) = 1. This condition ensures that the
kinetic energy term for the scalar field ¢ has the standard form 0,¢0*¢*. One could accomplish
this as well by rescaling ¢, but here we chose to accomplish this by placing conditions on the
¢;’s. Taking into account these conditions (and in particular writing out ¢3 and ¢4 in terms of
their real and imaginary parts cs = a + @b and ¢4 = a — ib) the Lagrangian in (3) becomes

L = 0,00"¢" —V(p)— iFWF’“’ + c5 A, AP + ¢50,BO" B — 2c5A,0" B
+  ie[p0,¢" — ¢* 0,9 ((c1 + a) A + (c2 4 )0, B) ()
+  €2¢p* (c1 A, A" + 20, BO" B + 240, BA") — b0, (¢*¢) (A" — 0" B) .
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There are several interesting features of the Lagrangian in (5). First, the vector gauge field, A,
has a mass term (i.e. ¢5A,A") which is allowed by the extended gauge symmetry (2). Thus
in addition to the vector gauge field developing a mass through the term e?cipp* A, A" if ¢
develops a vacuum expectation value (i.e. if (¢p¢*) = pg with py a constant), there is now an
additional potential mass term for the vector gauge field, even in the absence of spontaneous
symmetry breaking via ¢. Second, the scalar gauge field appears to be a dynamical field through
the presence of two possible kinetic energy terms. The term c50,, B0" B is the standard kinetic
energy term for a scalar field. Also, the term coe?¢pg*d, BO*B takes the form of a kinetic
energy term if ¢ develops a vacuum expectation value. Third, the term —ebd,,(¢*¢)(A* — 0" B)
will lead to C' and CP violation. Let us now define exactly what will be the generalization of
the unitary gauge appropriate to the situation here. In the presence of spontaneous symmetry
breaking and where the field ¢ develops a VEV the unitary gauge eliminates cross terms like
A,,0"0 from the Lagrangian. In the present case the cross terms between the vector field A,
and the scalars (in our case B and 6) are more involved. Explicitly the relevant cross terms
that we wish to eliminate by a generalized unitary gauge are

Leross = —2¢5A,0"B +ie(c1 + a)[¢p0,0* — $*0,0] A" + 2ae*0, BA*¢* ¢ . (6)

It is obvious why the first and third terms in the above equation are denoted as cross terms
since they have the form A,0"B. To see why the second term above is considered a cross term
between A, and 6 in the presence of SSB (i.e. the scalar field develops a VEV {¢¢*) = p3 where
po is a constant) we begin by approximating the scalar field as ¢(z) = poe?@  With this the
scalar current becomes [¢0,¢* — ¢*0,¢] ~ 2p30,0. We have used the assumption that the
amplitude of the scalar field is approximately constant — p(x) & pg. Putting all this together
show that the second term in (6) is a cross term between A, and 6 of the form A,0"6. Thus
(6) becomes

Leross = 2Au@# (_C5B + 661,0(2)9 + aepgﬂ + (162,083) . (7)

It is this more complex cross term that we want to eliminate via some generalized unitary
gauge. Defining F(z) = —c5B + c1ep2f + aeptf + ae’pi B, one can see that the cross term in
(7) takes the form oc A,0"F which is similar to the more common form o« A4,,0"6 . By means
of a gauge transformation ( i.e. § — 6 + eA, B — B — A) we can take some initial non-zero
value F' = Fy, and always arrive at a gauge F' = 0. From (7) one can check this is possible by
choosing the gauge function as A = —Fy/(c5 + c1€2p?). In this physical gauge, with F' = 0, we
can solve the 0 field in terms of the B field as

cs —ae?p?

g=2_"_2FP p. (8)

epg(c1 +a)

What (8) shows is that § and B are not independent fields — one is fixed in terms of the other.
There is therefore only one physical scalar field in this generalized unitary gauge which one can
call either # or B. The above is different from the normal gauge procedure in the presence of
symmetry breaking where the 6(z) field completely disappears. Here there is some left over
hint of the Goldstone boson which we may call B(z) (as we do here) or 6(z). At this stage the
mixed 0/B field is massless and thus could be thought of as a true, massless Goldstone boson.
However it is possible to add to the Lagrangian from (5), non-derivative potential terms for the
B field. These terms will include a mass term and power law interaction terms. one can write
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down the following general interacting potential for ¢ and B

V(eieB¢) _ _m2¢¢* + )\(¢¢*)2 + AleiEB(b + )\Te_ieB¢* 4 )\2ei2eB¢2 4 A;e—iQeB(¢*)2
+)\36i363¢3 + A§67i363(¢*)3 + )\4€i4eB¢4 + )\Zefi4eB(¢*)4 ) (9)
If the A; ’s, have an imaginary part, then those terms will violate charge conjugation symmetry.
Defining a canonically normalized field, rescaling the B field, expressing the interactions and
effective potential in terms of this field, one can see that the interactions of the new B-particles

can be very weak if certain expectation values are big and they can be massive [1], a possible
candidate for dark matter?.

3 Global scalar QED and axion photon dynamics

We work here with the following lagrangian density [2]

ov* 0 1
L= g S o~ VW) = (P Py + (A" +0°B) (10)
where
G = e 28 2, (1)

oxH oxH

and where we have also allowed an arbitrary potential U(i*1) to allow for the possibility

of spontaneous breaking of symmetry. The model is separately invariant under local gauge
transformations

A¥ — A4+ 0*A; B —B-A (12)

and the independent global phase transformations

Y — exp(ix)y (13)

A model of this type allows to couple electromagnetism to a global charge, it leads to a different
version of scalar electrodynamics, without sea gull diagrams. Here also the correspondence
between a scalar charged particle in an external electric field with the axion photon dynamics
[3] is exact in this version of scalar electrodynamics as opposed to the standard scalar QED,
where it is valid only to first order in the coupling constant.
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Measuring the depolarization rate of a He hyperpolarized gas is a sensitive method to
probe hypothetical short-range spin-dependent forces. A dedicated experiment is being set
up at the Institute Laue Langevin in Grenoble to improve the sensitivity. We present the
status of the experiment.

1 Probing short-range spin-dependent interaction

Numerous theories beyond the Standard Model of particle physics predict the existence of new
light scalar bosons such as the Axions theory [1] developed to solve the strong CP problem. The
exchange of a new scalar boson of mass mg between a polarized probe particle and an unpolar-
ized source particle, separated by r, would mediate a short-range monopole-dipole interaction
defined by the potential:

hor [m 1
_ ,N_N ¢
V=959, Ty (r + TQ) exp(—mgr) (1)

where 7o /2 is the spin of the probe particle, M the mass of the polarized particle, gI¥ and g}],V
the coupling constant at the vertices of polarized and unpolarized particles corresponding to a
scalar and a pseudoscalar interactions. Finding a new boson or a new short-range interaction
interaction would be a important discovery in fundamental physics, since it could solve problems
such as the nature of the Dark Matter (as a WISP candidate [2]). This new force is thus actively
searched for around the world through different kind of experiments (using torsion-balance,
studying the Newton’s inverse square law or looking at bouncing ultracold neutrons [3]).

Consider a spherical cell filled with polarized *He atoms with a gyromagnetic ratio v im-
mersed in a static magnetic field By. In the case of a light boson with mg < 1eV, the axion-
like interaction given by Eq. (1) acts like a macroscopic pseudomagnetic field of typical size
A= - >1m, which is generated by the glass walls of the cell:

mecC ~

A _ .
byr(z) = ?YTNQSQP (l—e d/)‘)e /A, (2)

where NN is the nucleon density, m,, the nucleon mass, = the distance to the cell wall and d
the thickness of the wall. This new pseudomagnetic field acting close and perpendicular to the
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surface of the cell would provoke the depolarization of the gas, whose rate is, for a pressure of
several bars and typical cell sizes L much larger than \:

2 )\2’)/21)2
r Ry —— 3
R ey et (3)

where b, is the the prefactor of the exponential in Eq. (2). This new relaxation channel adds to
the the natural depolarization I'y of the gas, which results from the three main contributions: the
relaxation rate induced by collisions of polarized atoms on the cell walls I';,,, the relaxation rate
due to interparticles collisions I'yq and the depolarization rate due to the motion of polarized
particles in an inhomogeneous magnetic field I',,,. While I'y behaves as a + BLO + Big, the
relaxation rate I'y np is proportional to 1/ /By which is a non-standard dependence on the
holding magnetic field By. The existence of a new short-range spin-dependent interaction can
then be extracted from measurements of the relaxation rate at different values of the holding
magnetic field.

A first test experiment [3, 4] measuring the spin longitudinal depolarization rate I'; as a
function of the applied field By was performed in 2010 to demonstrate the sensitivity of the
method. A new dedicated experiment is set up at the Institute Laue-Langevin, improving
both (i) the magnetic environment of the experiment and (ii) the measurement of the decay of
polarization.

2 An improvement of the magnetic field environment

In order to suppress the mag-

500 cm netic field inhomogeneity de-

polarization channel T, the

2 holding magnetic field should

80cm ’ cor B> r %cm  he as homogeneous as possi-

ble. The apparatus, repre-

'\ sented on Fig. 1, is composed

Maghetic 450cm Solenoid of a 5 m long and 80 cm di-

shield ameter solenoid which provides

a very homogeneous magnetic

Figure 1: Scheme of the apparatus. field. In order to shield its

center from external magnetic

fields, this solenoid is inserted into a p-metal magnetic shield of 96 cm diameter and 4 m

long from "n-nbar” experiment [5] which measured at the Institut Laue Langevin the neutron-
antineutron oscillation.

In addition, we mapped the inner magnetic field using a three-axis fluxgate magnetometer,
in order to extract the transverse gradients g, for different By settings. Typically, g, is about
1.5nT/cm to 2nT/cm for magnetic field from 2 uT to 80 uT. The magnetic relaxation time
T = 1/Ty, is then expected to be longer than 90h. At low field (By = 3 uT), this is a factor
100 better than the previous experiment. This improvement will directly affect the duration of
the experiment and so the precision of the relaxation rate measurement.
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Figure 2: (Left) Scheme of the spin-flipping and measurement apparatus. The spherical cell
is positioned in contact with the two magnetometers inside the spin-flip coil which generates
an oscillating magnetic field transversely b to the holding magnetic field By. (Right) Typical
sequence of measurement of the transverse magnetic field generated by a cylindrical cell at 4
bar with two fluxgate magnetometers. The upper (lower) points correspond to the spin up
(down) state of the gas.

3 The polarization measurement technique

Among all the way to measure the polariza-
—(b.5,)12 tiop and the relaxation rate of an hyperpo-
—b, larized gas, the nuclear magnetic resonance
—b, " (NMR) is the most widely used technique.
One can measure at the percent level the
amplitude of the NMR response signal or
NG can also measure the frequency shift, both
\>< proportional to the polarization.

A Dbetter precision for the longitudi-
nal relaxation rate measurement can be
Sl achieved with a - direct polarimetry  tech-
1 10 102 10° , ¢ nique [6]: it consists in measuring, with two

Time [%? .

fluxgate magnetometers, the magnetic field
generated by the gas itself which can be of
order of tenths of nT at pressures of several
bars. The magnetometers sensors are at a
place where the dipolar field induced by the
polarized gas is transverse relative of the By
field.

Applying spin-flips with a transverse os-
cillating magnetic field (Fig. 2) to reverse
the polarization, one can remove magnetic offsets induced by long-term drift of the holding
magnetic field or the misalignment of the magnetometers axis with By. Fig. 2 shows typical
sequences of "up-down-down-up” measurements of the magnetic field induced by a spherical
cell at 1 bar with the two magnetometers.

[nT]

[any

N
e
A

Allan Standard Deviation

Figure 3: Allan Standard Deviation of the mea-
surements of the transverse magnetic field gener-
ated by the solenoid with the two fluxgate mag-
netometers (in blue and red) and the Allan Stan-
dard Deviation of the differential measurement (in
black).
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Fig. 3 shows the Allan Standard Deviation (ASD) of the holding field measurements with
each magnetometers and of differential measurements. Since the magnetometers measure the
same signal with an opposite sign, a differential acquisition between the two fluxgate magne-
tometers improves the precision of the measurement by suppressing the long-time correlated
fluctuations of the holding magnetic field. Since the Allan Standard Deviation of the fluxgate
magnetometers is 50 pT at 1 s when they are exposed to no magnetic field, the uncertainty
on the polarization measurement mainly comes from the the holding magnetic field instability.
This deviation is about 0.4 nT at 1 s; then, for a 1 bar cell of 70 % polarized helium, the typical
magnetic field generated by the cell is 30 nT.

Since several measurements of magnetic field are
performed for a single relative polarization determi-

. . o L SCALAR-PSEUDOSCALAR LIMITS
nation, the relative uncertainties on the polarization .

mass [eV]

10" 102
is about 0.3 % which leads to relative uncertainties ;Z“ S UL [UURREERE
on relaxation rates lower than 1 %. %
_-15
4 Expected constraints
-16

The high quality of the magnetic environment de-
creases the dominant depolarization contribution at
low magnetic field and the direct polarization mea- -17
surement technique increases our sensitivity to any

deviation from the classical behaviour of the longi- 18 .
tudinal relaxation rate with the holding magnetic e :1' :e 0!
[— = Mainz-Berlin e ee:
field By. From the expected I'y curve as a func- - GreniblesHs Tlvxz-r-
tion of By, one can extract the expected sensitivity -19 Xe'isotopes; Bulatowicz
(shown on Fig. 4) of the coupling constants product |~ UCN gravity resonance,
g g}’ from a new depolarization channel (3). [ UCN lepol & nEDM Sp N\
_20 oo 1L NI
6 X . -3
10 10° 10* A if
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Light-Shining-Through-Walls experiments are the search experiments for weakly interact-
ing slim particles (WISPs) with the smallest model dependence. They have the advantage
that not only the detection, but also the production of the WISPs takes place in the lab-
oratory and can thus be controlled. Using lasers is the preferred option for most of the
mass region and has led to the world’s most stringent laboratory limits (ALPS I) there. At
CERN, OSQAR promises to surpass these and at DESY ALPS II is currently set up, which
is planning to probe the axion-like particle to photon coupling down to |ga| = 2- 107"
GeV ™!, which is in a region favored by many astrophysical hints.

1 Motivation

WISPs are predicted by many extensions of the Standard Model. Most importantly, the axion
provides the most elegant solution to the strong CP problem of quantum chromo dynamics [1,
2, 3]. In string theory inspired Standard Model extensions axion-like particles (ALPs) are
expected [4]. These theoretical motivations would already make it worthwhile to look for
WISPs experimentally, but the cause for their existence gets much stronger by pointing out
that axions and ALPs are also well-motivated (cold) dark matter candidates.

Furthermore in the last years there have been several astrophysical phenomena, which could
be explained by the existence of ALPs. Most prominently the reduced opacity of the universe
for TeV photons compared to predictions [5, 6]: Extremely energetic v-rays from cosmological
sources should be attenuated by pair production through interaction with the extragalactic
background light. Several studies have shown that the observed energy spectra do not fit this
picture. This could be explained by the oscillation of photons into ALPs in ambient magnetic
fields, which then travel unhinderedly due to their weak interaction and finally convert back to
photons [7, 8]. For the relevant parameter region see Figure 1.

Recent observations like the unexplained 3.55 keV emission line from galaxy clusters and
Andromeda, which could also be attributed to ALP-related decaying dark matter (see e.g.
[10, 11]) or signatures of unexplained energy losses in stars [12, 13].
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2 Experimental options

There are different prominent options
looking for WISPs when employing g,:

e Haloscopes
e Helioscopes and

ex-

e Light-Shining-Through-Walls
periments.

Haloscopes like ADMX [14] in Wash-
ington and WISPDMX [15] in Hamburg
look for dark matter WISPs, typically
using a resonant microwave cavity. This
has the advantage of being very sensitive
so that even the QCD axion is in reach,
but only in a very narrow mass region
(see Figure 1). Also the results are the-
oretically dependent on cosmology and
astrophysics.

Helioscopes (like CAST [16]) look for
WISPs produced in the sun, thus their
results only depend on astrophysics, but
they are also less sensitive. As they are

FRIEDERIKE JANUSCHEK

-10

T ]
% _
9,
= Lo ]
£ -12 4
o il
= ]
8 —/ / IaxionCDM —
g L ) ]
3 -1 |aLPCDM ADMXHE -
i ADMX ]
Intermediate string scale
- \’ -
—16f- y -
BT NI I 7 I B A AT I A N T R A | i
-12 -10 -8 -6 -4 -2 Q 2 4 6

Log Mass [eV]

Figure 1: ALP parameter space with important hints
and exclusion regions of past, present and future ex-
periments [9].

very broadband, their limits are the constraining factor in a wide mass region (see Figure 1).

In contrast to Haloscopes and Helioscopes, in Light-Shining-Through-Walls (LSW [17], see
Figure 2) experiments the WISPs are produced (and detected) within the experiment. This
has the distinct advantage that the theory dependence is kept at minimum and that the WISP
production can be controlled and thus e.g. switched on and off.

In general the probability for a
conversion between axions and pho-
tons Py«q due to the Primakoff ef-
fect is described by

Pyosa o (g BLY?

where BL is the magnetic length
and gq~ the coupling strength.

Thus the signal rate in a LSW
experiment N(;ut is

|N;ut| X N’L’I’L . (ga'y>4 . (BL)4 * €dety

therefore depending on the number
of incoming photons N;,, the cou-

S
\\

Figure 2: A diagram of a LSW setup [18]: A strong light
source is shone on an opaque wall. On the other side of
the wall there is a sensitive light detector. In addition,
magnets are required on both sides for ALP searches.

pling strength, the magnetic length and the detection efficiency €ge;.
LSW experiments can be done for all wavelengths, in principle. One example, using mi-
crowaves, is the CROWS experiment [19], having the advantage that operating low loss cavities
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is comparatively easy for microwaves. Microwaves do have the disadvantage though that their
relatively low energy restricts the probed mass region.

In contrast, LSW experiments can be (and have been [20, 21]) done using X-rays. In that
case, high-mass regions can be investigated, but due to the impossibility of high-finesse cavities
the number of photons and thus the sensitivity is rather limited.

Due to these reasons, LSW experiments in the visible/infrared with a laser as light source are
the most common and several have been, are and will be performed (e.g. [22, 23, 24, 25, 26, 27,
18]), see also Figure 3 and the following Sections) since the suggestion of the principle [28, 29, 30].

3 ALPSI

The ALPS I experiment at DESY [22] was an LSW
experiment at DESY from 2007 to 2010. It used
an old HERA magnet of 5 T and about 1.2 kW of

circulating laser power supplied by a laser power 107°
output of ~ 4.6W of 512 nm green light and an —
optical resonator with a power build-up of about =
300. The result of the data-taking in 2010 were the ¢3
worldwide best laboratory limits (see Figure 3). ;

1077

4 OSQAR

OSQAR [27, 31] is an experiment of the LSW type
currently taking place at CERN. The setup can be
seen in the left part of Figure 4. At OSQAR an
argon laser of 3-25 W and 488-514 nm is used in a
9 T transverse magnetic field of two LHC magnets
over the unprecedented length of 2 x 14.3 m. For
detection a CCD camera is used.

OSQAR was able to confirm the ALPS T lim-
its [32].

Further improvements are planned so that OS-
QAR could in the near future probe even deeper
Ja~ regions and look at regions previously not cov-
ered by LSW experiments.

Optical barrier
LHC Magnet 1

1 L lllllll 1 1

1 Illllll

1

1 llllll

10~ 103
mg [eV]

Figure 3: Exclusion limits (95% C.L.)
or scalar axion-like-particles from the
ALPS T [22], BFRT [24], BMV [23], Gam-
meV [25] and OSQAR ([31], see Sec-
tion 4) LSW experiments as of 2010, taken
from [22].

LHC Magnet 2

B=9T

Laser \/\N\/é- - =L

B=9T

'g/\/\/\/\/ cco

Source of scalar
or pseudo-scalar
particles

Photon
regeneration
region

Figure 4: Setup of the OSQAR experiment, taken from [32].
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5 ALPSII

The ALPS II experiment at DESY is the successor of ALPS I with the aim of increasing the
sensitivity reaching down to the main region of the astrophysical ALP hints. Therefore, ALPS I
is planned to be improved by three main factors:

e an additional regeneration cavity,
e an increase in magnetic length through usage of more magnets and

e a different detector system.

These changes, as described in the TDR [18], are supposed to lead to an increase in sensitivity
to the coupling of a factor of about 3000 (see Table 1).

A simple scheme of the ALPS II setup is shown in Figure 5. In addition to an increase of
the power build-up of the production cavity in front of the wall, leading to an effective power
of 150 kW, the regeneration cavity behind the wall is built to enhance the probability of WISP
to photon reconversion probability by a factor of 40,000.

The most important
factor with regards to a
gain in sensitivity is the production ALPS
magnetic length increase. laser cavity wall detector

For that the usage of E E W----- Vi
20 HERA magnets (10 in
S

regeneration

cavity
front of and 10 behind

the wall) is planned. As
the HERA magnets are
bent, the effective aper-
ture -when using a long  Figure 5: Setup of the ALPS II experiment, adapted from [18].
string of magnets- would

be very small, leading to clipping losses and limiting the power build-up. Thus a method was
devised, successfully tested and recently further improved to straighten the HERA magnets.

In contrast to ALPS 1, the light used in ALPS II is near-infrared (1064 nm), which leads to
the necessity of a different detector system as the quantum efficiency of a CCD would be very
low (see [33]). Therefore, a Transition Edge Sensor (TES) detector system has been set up at
the ALPS laboratory [34]. The system has been commissioned and calibrated with promising
results, especially a low dark count rate, details see [35].

The first stage of ALPS IT (ALPS IIa, with two 10 m cavities and without magnets, thus
searching only for hidden photons) is planned to start taking data in the end of 2014 /beginning
of 2015. The planned second-stage (ALPS IIb, two 100 m cavities, but without magnets) had
to be cut due to budget constraints. The final ALPS II data-taking with the complete setup is
scheduled for 2018.

HG

86 PATRAS 2014



LIGHT-SHINING-THROUGH-WALLS WITH LASERS

Parameter Scaling ALPS I ALPS Ilc Sens. gain
Effective laser power Plager Gary X Pl;Sle 1kW 150 kW 3.5
Rel. photon number flux n, | gqy x ny % 11 (532nm) | 2 (1064 nm) 1.2
Power built up in RC Prc Jay X Pr_e}, ! 1 40,000 14
BL (before& after the wall) | g,y o< (BL)™* 22 Tm 468 Tm 21
Detector efficiency QF Gay X QE/4 0.9 0.75 0.96
Detector noise DC Gay < DCY/8 | 0.0018s™ | 0.000001s~! 2.6
Combined improvements 3082

Table 1: Sensitivity of ALPS II compared to ALPS I, taken from [18].

Exp. Photon flux | E, | B L B-L PB | Sens.
1/s | eV | T | m Tm rel.
ALPS I 35-10%1 [ 2.3 [ 5.0 | 44 22 1 | 0.0003
ALPS Ilc 1-10%* | 1.2 | 5.3 [ 106 | 468 | 40,000 1
Future 3-10% | 1.2 | 13 [ 400 | 5200 | 100,000 27

Table 2: Comparison of ALPS I, ALPS IT and a possible future experiment.

6 Conclusion and outlook

LSW in the optical regime is an important tool for (relatively) model-independent searches
for the well-motivated WISP particles. ALPS I has set stringent laboratory-based limits and
OSQAR will be able to improve them in the near future. ALPS II, which is currently being
set-up, will be able to reach the interesting region(s) with regards to the astrophysical hints.

In addition, another LSW experiment with a laser, REAPR, has been proposed at Fermi-
lab [36], which is supposed to use a long string of Tevatron magnets and a production and a
regeneration cavity similar to ALPS II. For REAPR a heterodyne signal detection scheme has
been suggested.

Looking at what would be possible to achieve with a LSW setup in the near future, the
sensitivity could be increased by about a factor of 27 compared to ALPS II (see Table 2)
through the use of better magnet (e.g. magnets as designed for the LHC upgrade) und further
increasing the power build-up of the cavities. This sensitivity increase would then cover the
complete region covered by the leading astrophysical hints. Thus such an LSW experiment
would either discover WISPs there or rule them out as an explanation for these phenomena.
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String allowed discrete symmetry is the mother of acceptable effective global symmetries
at low energy. With this philosophy, we discuss dark energy, QCD axion, and inflation,
and speculate some implications of the recent BICEP2 data.

1 Pseudo-Goldstone Bosons from Discrete Symmetries

The ongoing QCD axion detection is based on the bosonic coherent motion (BCM). The QCD
axion can be a fundamental pseudoscalar or a composite one [1]. But, after the discovery of the
fundamental Brout-Englert-Higgs (BEH) boson, a fundamental QCD axion gain much more
weight. This leads to a BEH portal to the high energy scale to the axion scale or even to the
standard model (SM) singlets at the grand unification (GUT) scale. Can these singlets explain
both dark energy (DE) and cold dark matter (CDM) in the Universe? Because the axion decay
constant f,, signifying the axion window, can be in the intermediate scale, axions can live up
to now (m, < 24 eV) and constitute DM of the Universe. In this year of a GUT scale VEV,
can these explain the inflation finish in addition to DE and CDM?

But we have to worry about the quantum gravity effects which are known to break global
symmetries, especially via the Planck scale wormholes. To resolve this dilemma, we can think of
two possibilities of discrete symmetries below Mp [2]: (i) The discrete symmetry arises as a part
of a gauge symmetry, and (ii) The string selection rules directly give the discrete symmetry. So,
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Figure 1: Terms respecting discrete and global symmetries.
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we will consider discrete gauge symmetries allowed in string compactification. Even though the
Goldstone boson directions in spontaneously broken gauge symmetries are flat, the Goldstone
boson directions of spontaneously broken global symmetries are not flat, i.e. global symmetries
are always approzrimate. The question is what is the degree of the approzimateness. In Fig. 1,
we present a cartoon separating effective terms according to string-allowed discrete symmetries.
The terms in the vertical column represent exact symmmetries such as gauge symmetries and
string allowed discrete symmetries. If we consider a few terms in the lavender part, we can
consider a global symmetry. The global symmetry is broken by terms in the red part.

The most studied global symmetry is the Peccei-Quinn (PQ) symmetry U(1)pq. For U(1)pq,
the dominant breaking term is the QCD anomaly term (0/3272)G,,, G** where G,,,, is the gluon
field strength. Since 6 gives a neutron EDM (nEDM) of order 107160 ecm, the upper bound on
nEDM restricts |§] < 10719, “Why is 6 so small?” is the strong CP problem [3].

Axion osmology was started in 1982-1983. One key point I want to stress here is the axion
domain wall (DW) problem [4, 5]. But the recent numerical study [6] of axion creation by
decay of axionic DWs is too large, which gave a strong lower bound on the axion mass [7] from
the BICEP2 data [8]. For the DW problem from string, there is a solution of Choi-Kim [9],
which has been recently used for the anomalous U(1) from string [10, 11] in view of the GUT
scale inflation implied by the BICEP2 data. A smoking gun for the axion CDM is detecting
an oscillating 6. In this spirit, an oscillating nEDM was suggested to be measured 20 years ago
[12, 13], and it got renewed interests recently [14, 15]. A guideline for the axion-photon-photon
coupling is a string calculation, ¢,y =~ 0.91 [16] in the Zq>_; model [17].
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Figure 2: The gq~ coupling vs. axion mass. The green line is a string calculation [16].
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2 Dark Energy from U(1)g

The axion oscillation is just one example of BCM, classified as BCM1 in [18]. The QCD axion
naturally arises if one tries to interpret the DE scale by spontaneously breaking an approximate
U(1) global symmetry, U(1)ge. A recent calculation of the cosmic axion density gives the axion
window, 10? GeV < f, < 10'2 GeV, including the anharmonic term carefully with the new
data on light quark masses [19]. It is known that string axions from Bjsny have GUT scale
decay constants [20]. Therefore, the QCD axion from string theory is better to arise from
matter fields originating from 10-dimensional adjoint representation of EgxE} [21]. Note that
the global symmetry violating terms belong to the red part in Fig. 1. For the QCD axion,
the dominant breaking is by the QCD anomaly term. The QCD anomaly term is too large to
account for the DE scale of 10746 GeV*. Because the BEH scalar is known to be a fundamental
one, we extend the fundamentality to the SM singlet scalars also. These singlets must couple
to H,Hy, i.e. a kind of BEH portal. So, to relate the DE scale to a pseudo-Goldstone boson
from U(1)qe, we must forbid the coupling to the QCD anomaly term, which can be done only
by introducing another global U(1), i.e. to remove the U(1)4o-G-G anomaly with G = QCD.
Namely, another U(1) must be introduced so that one linear combination is free of the QCD
anomaly. Thus, introduction of two global symmetries is inevitable to interpret the DE scale in
terms of a potential of a pseudo-Goldstone boson [22]. Let us call these two global symmetries
as U(l)pQ and U(l)de.

The breaking scale of U(1l)ge is trans-Planckian [23]. With U(1)pq and U(1)ge, one can
construct a DE model from string compactification [24]. Using the SUSY language, the dis-
crete and global symmetries below Mp are the consequence of the full superpotential W. So,
the exact symmetries related to string compactification are respected by the full W, i.e. the
vertical column of Fig. 1. Considering only the d = 3 superpotential W3, we can consider
an approximate PQ symmetry. For the MSSM interactions supplied by R-parity, one needs to
know all the SM singlet spectrum. We need Zy for a WIMP candidate.

The DE potential height is so small, 10746 GeV*?, that the needed discrete symmetry break-
ing term of Fig. 1 must be small, implying the discrete symmetry is of high order. Now, we
have a scheme to explain both 68% of DE and 27% of CDM via approximate global symmetries.
With SUSY, axino may contribute to CDM also [25].

A typical example for the discrete symmetry is Z1o g as shown in [24]. The Zjor charges
descend from a gauge U(1) charges of the string compactification [17]. The U(1) defining terms,
i.e. the lavender part of Fig 1, is Wg. Then, the height of the potential is highly suppressed
and we can obtain 10747 GeV*, without the gravity spoil of the global symmetry. In this
scheme with BEH portal, we introduced three VEV scales, TeV scale for H, Hg, the GUT scale
Mgur for singlet VEVs, and the intermediate scale for the QCD axion. The other fundamental
scale is Mp. The trans-Planckian decay constant fg. can be a derived scale [26].

Spontaneous breaking of U(1)ge is via a Mexican hat potential with the height of Mgyr.
A byproduct of this Mexican hat potential is the hilltop inflation with the height of O(Mg ).
It is a small field inflation, consistent with the recent Planck data.

3 Gravity Waves from U(1)4 and its Implications

With the surprising report from the BICEP2 group on a large tensor-to-scalar ratio r [8], we
must consider the above hilltop inflation whether it leads to appropriate numbers on ng, r and
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the e-fold number e or not. With two U(1)’s, the large trans-Planckian fg. is not spoiled by
the intermediate PQ scale f, because the PQ scale just adds to the f4. decay constant only by
a tiny amount.

Inflaton potentials with almost flat one near the origin, such as the Coleman-Weinberg type
new inflation, were the early attempts for inflation. But any models can lead to inflation if the
potential is flat enough as in the chaotic inflation [27]. A single field chaotic inflation survived
now is the m?¢? scenario chaotic inflation. To shrink the field energy much smaller than M3,
a natural inflation (mimicking the axion-type minus-cosine potential) has been introduced [28].
If a large r is observed, Lyth noted that the field value (¢) must be larger than 15 Mp, which
is known as the Lyth bound [29]. To obtain this trans-Planckian field value, the Kim-Nilles-
Peloso (KNP) 2-flation has been introduced with two axions [26]. It is known recently that the
natural inflation is more than 20 away from the central value of BICEP2, (r,n,) = (0.2,0.96).
In general, the hilltop inflation gives almost zero r.

Therefore, for the U(1)q4e hilltop inflation to give a large r, one must introduce another field
which is called chaoton because it provides the behavior of m?¢? term at the BICEP2 point
[30]. With this hilltop potential, the height is of order M2 and the decay constant is required
to be > 15 Mp. Certainly, the potential energy is smaller than order Mg for ¢ = [0, fqe]. Since
this hilltop potential is obtained from the mother discrete symmetry, such as Zig g, the flat
valley at the trans-Planckian fg, is possible, for which the necessary condition is given in terms
of quantum numbers of Z1o g [30].

With the GUT scale vacuum energy during inflation, the reheating temperature after infla-
tion is most likely above 102 GeV. This has led to the conclusion of Ref. [7] that f, is around
or smaller than 10! GeV. But this study depends on the numerical calculation of [6]. That is
the reason for the recent interests on axion string-DW system. A particular interest is the Choi-
Kim mechanism [9] where several vacua are identified by a subgroup of the Goldstone boson
direction. It is particularly useful in string compactification with the anomalous U(1) surviving
as a global symmetry down to the axion window scale, because the model-independent axion
corresponding to the anomalous U(1) has DW number one [10].
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Light cold dark matter consisting of weakly interacting slim (or sub-eV) particles (WISPs)
has been in the focus of a large number of studies made over the past two decades. The
QCD axion and axion-like particles with masses in the 0.1 ueV-100 meV are strong can-
didates for the dark matter particle, together with hidden photons with masses below
< 100meV. This motivates several new initiatives in the field, including the WISP Dark
Matter eXperiment (WISPDMX) and novel conceptual approaches for broad-band WISP
searches using radiometry measurements in large volume chambers. First results and future
prospects for these experiments are discussed in this contribution.

1 WISP dark matter searches in the 1 ;eV-10 meV mass
range

Searches for light cold dark matter (DM) consisting of weakly interacting slim particles (WISPs) [1,
2, 3, 4] are gaining prominence, with a number of experiments conducted and proposed de-
tecting hidden photons (HPs), QCD axions, and axion-like particles (ALPs) with astrophysi-
cal [5, 6, 7, 8, 9, 10, 11] and laboratory measurements [12, 13, 14, 15, 16, 17].

Best revealed by their coupling to standard model (SM) photons, WISPs can be non-
thermally produced in the early Universe [18] and may give rise to dark matter for a broad
range of the particle mass and the photon coupling strength [19, 20]. The photon coupling of
axions/ALPs, gay o< 1/ fa, depends on the energy scale f, of the symmetry breaking responsible
for the given particle, while the hidden photon coupling, x « gy, is determined by the hidden
gauge coupling, g, [19].

At particle masses above ~1072 eV, the existing constraints effectively rule out WISPs as
DM particles, while cosmologically viable lower ranges of particle reach down to ~1076-10"7 eV
for axions/ALPs and may extend to much lower masses with for HP and ALP, as well as with
“fine tuning” of the axion models. The mass range 10~7~1072eV corresponds to the radio
regime at frequencies of 24 MHz-240 GHz where highly sensitive measurement techniques are
developed for radioastronomical measurements, with typical detection levels of < 10722'W.
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2 Narrowband experiments

The most sensitive laboratory HP and axion/ALP DM searches performed so far in the mass
range 10~7-1072 eV have utilised the “haloscope” approach [21] which employs resonant mi-
crowave cavities lowering substantially the detection threshold in a narrow band around each
of the cavity resonances [12, 13, 14, 22, 23, 24]. The WISP DM signal results from conversion
of DM halo particles inside the cavity volume, V', into normal photons. This conversion is
achieved via spontaneous kinetic mixing of HP with SM photons or via the Primakov process
induced by an external magnetic field, B, for axions/ALPs.

The output power of the axion/ALP conversion signal is Pyy o< G QV |B|?, where Q is the
resonant enhancement factor (quality factor) of microwave cavity and G is the fraction of cavity
volume (form factor) in which the electric field of the converted photon can be detected [25, 26].
Both G and @ depend on the cavity design and the resonant mode employed in the measurement.
The respective Py, for the HP signal does not have a dependence on B.

The fractional bandwidth of a haloscope measurement is oc Q~!, with typical values of Q
not exceeding ~ 10°. The WISP DM signal itself is restricted to within a fractional bandwidth
of Qpap = 0/ = 1078, with opy describing the velocity dispersion of the dark matter halo.
A measurement made at a frequency, v, and lasting for a time, ¢, can detect the WISP signal at
an SNR o v/t / W Poui/(kp Th), where W is the signal bandwidth, 7T}, is the noise temperature
of the detector, and ky, is the Boltzmann constant.

The exceptional sensitivity of microwave cavity experiments comes at the expense of rather
low scanning speeds of < 1 GHz/year [12, 27], which makes it difficult to implement this kind of
measurements for scanning over large ranges of particle mass. To overcome this difficulty, new
experimental concepts are being developed that could relax the necessity of using the resonant
enhancement and working in a radiometer mode with an effective @ =1 [16, 17, 28, 29, 30].

2.1 WISP Dark Matter eXperiment

At frequencies below 1GHz, the ADMX experiment[12, 13, 14] has employed the haloscope
approach to probe the HP and axion/ALP dark matter in the 460-860 MHz (1.9-3.6 ueV)
range [31], and a high frequency extension, ADMX-HF is planned for he 4-40 GHz frequency
range [32, 33]. The WISP Dark Matter eXperiment (WISPDMX, Fig. 1) extends the haloscope
searches to particle masses below 1.9 ueV, aiming to cover the range 200-600 MHz (0.8-2.5 pueV).

WISPDMX utilises a 208 MHz resonant cavity of the type used at the proton accelerator
ring of the DESY HERA collider [34]. The cavity has a volume of 460 liters and a nominal
resonant amplification factor @) = 55000 at the ground TMg1¢ mode. The signal is amplified by
a broad-band 0.2—-1 GHz amplifier chain with a total gain of 40 dB. Broad-band digitization and
FFT analysis of the signal are performed using a commercial 12-bit spectral analyzer, enabling
simultaneous measurements at several resonant modes at frequencies of up to 600 MHz.

The main specific aspects of WISPDMX measurements are: 1) broadband recording in the
200-600 MHz band at a resolution of < 150 Hz, 2) the use of multiple resonant modes tuned by
a plunger assembly consisting of two plungers, and 3) the planned use of rotation of the cavity
in the magnetic field in order to enable axion measurements at multiple resonant modes as well.

The WISPDMX measurements are split into three different stages: 1) HP DM searches at
the nominal frequencies of the resonant modes of the HERA cavity; 2) HP DM searches with
cavity tuning (covering up to 70% of the 200-600 MHz band); and 3) axion/ALP DM searches
using the DESY H1 solenoid magnet which provides B = 1.15T in a volume of 7.2m?.
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Figure 1: WISPDMX setup for the initial measurements made at nominal resonant frequencies
of the microwave cavity. Indicated with numbers are: 1 — a 208-MHz microwave cavity of the
type used in the proton ring of the DESY HERA collider; 2 - cavity ports (two on the axis of the
cavity and five on the radial wall of the oblate cylinder; 3 — antenna ports for two magnetic-loop
antennas inserted in the cavity; 4 — first stage amplifier (WantCom, 0.1-1.0 GHz, 22.5 dB gain,
0.6 dB noise figure); 5 — second stage amplifier (MITEQ, 0.1-0.9 GHz, 18.2 gain, 1.0 dB noise
figure); 6 — network analyzer (HP 85047A); 7 — control computer, with a 12-bit digitizer Alazar
ATS-9360 operated via a PCle Gen2 interface.

The first phase of the WISPDMX measurements has been completed [15], and the final
results are being prepared for publication. The WISPDMX setup used for these measurements
is shown in Fig. 1. Table 2.1 lists preliminary exclusion limits obtained for five different resonant
modes of the cavity. These limits reach below x = 3 x 10712 at all of the modes used in the
measurement, and already these limits probe the parameter space admitting HP DM. The
expected exclusion limits for the HP and axion/ALP DM searches in the next two phases of
WISPDMX are shown in Figs. 2-3.

3 Broadband experiments

The relatively low scanning speed (e.g., = 100 MHz/yr for WISPDMX and ~ 1GHz/yr for
ADMX) and limited tunability of resonant experiments make them difficult to be used for
covering the entire 1 peV-10meV range of particle mass. The gain in sensitivity provided by
the resonant enhancement, (), needs to be factored against the bandwidth reduction of the
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Table 1: WISPDMX measurements at nominal resonant modes in the 200-600 MHz range

Mode v Q g Pjet Moy, X
[MHz] [x10~ W] [1eV] [x10713]

TMo1o | 207.87961 55405 0.429 1.08 0.85972093 17.0
TEq11 | 321.45113 59770 0.674 1.08 1.3294150 8.4
TEq11 | 322.74845 58900 0.671 1.08 1.3347803 8.5
TMopoo | 454.42411 44340 0.317 1.08 1.8793470 10.1
TE12 510.62681 71597 0.020 1.09 2.1117827 28.2
TEq12 | 515.97110 67840 0.019 1.09 2.1338849 29.5
TEq20 | 577.59175 60350 0.036 1.10 2.3887274 20.4
TEq20 | 579.25126 66520 0.037 1.10 2.3955906 19.1

Column designation: resonant mode of the cavity, with its respective resonant frequency, v, quality
factor, @, geometrical form factor, G, measured noise power, Pget, hidden photon mass, m.,, and 95%
exclusion limit, x, for hidden photon coupling to normal photons, calculated for the antenna coupling
k = 0.01 [15].

order of @', which may result in a somewhat counterintuitive conclusion that non-resonant,
broadband approaches may be preferred when dealing with a mass range spanning over several
decades.

Indeed, for axion/ALP searches, reaching a desired sensitivity to the photon coupling implies
a measurement time ¢ oc T2 B~V "2G72Q 2. A broadband measurement, with Qp, = 1, needs
to last Q2 times longer to reach the same sensitivity. However, the broadband measurement
probes the entire mass range at once, while it would require a (potentially very large) number
of measurements, Nyes = 1+1og(a) / log[@/(Q —1)], in order to cover a range of particle mass
from my to ms = amy (with a > 1). Then, the broadband approach would be more efficient
in case if t, < t;, Npes. This corresponds to the following comparison between these two types

of measurement: 5 4 2 2
Tb Bb N Vb - Gb B
e (7) (5) () (&)

where the subscripts b and n refer to the respective parameters of the broadband and nar-
rowband measurements. For typical experimental settings, one can expect that Ty ~ 1007},
By, ~ By, Vi, ~ 100V, and G}, ~ 0.01G,. In such conditions, a narrowband experiment with
Q > 10*/log o would be less efficient in scanning over the given range of mass. Applied to the
entire 0.1 ueV-10meV range of mass, this condition implies restricting the effective resonance
enhancement of narrowband measurements to less than ~ 2000, which effectively disfavors the
narrowband approach for addressing such a large range of particle mass.

The measurement bandwidth of radiometry experiments is limited only by the detector
technology, with modern detectors employed in radio astronomy routinely providing bandwidths
in excess of 1 GHz and spectral resolutions of better than 106.

One possibility for a radiometer experiment is to employ a spherical dish reflector that
provides a signal enhancement proportional to the area of the reflector [16, 28, 29, 30]. This
option is well-suited for making measurements at higher frequencies (shorter wavelengths, \),
as the effective signal enhancement is o< Agisn /A%, where Agiqy is the reflecting area [16]. It is
therefore expected that this concept would be best applicable at A < 1em (v 2 30 GHz).
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Figure 2: Exclusion limits for hidden photon coupling to normal photons from existing (white
captions) and planned (black captions) experiments (adapted from [4]). Theoretical expecta-
tions for the hidden photon DM are indicated in red. The expected sensitivity limits of the
second phase of the WISPDMX experiment are marked with turquoise color, reaching well into
the DM favored range of photon coupling. The WISPDMX sensitivity is calculated for a setup
with two tuning plungers operating simultaneously. The hatched areas illustrate the expected
sensitivity of broadband experiments using the spherical reflector and the radiometry chamber
approaches.

At lower frequencies, another attractive possibility for engaging into the broadband mea-
surements is to use the combination of large chamber volume and strong magnetic field provided
by superconducting TOKAMAKs or stellarators such as the Wendelstein 7-X stellarator [35] in
Greifswald (providing B = 37 in a 30 m® volume).

3.1 Radiometry chamber experiments

More generally, the stellarator approach signifies a conceptual shift to employing a large, mag-
netized volume of space which can be probed in a radiometry mode (radiometer chamber),
without resorting to a resonant enhancement of the signal. The exclusion limits expected to
be achievable with the spherical reflector experiments and with the measurements made in a
radiometer chamber with the volume and magnetic field similar to those of the Wendelstein
stellarator are shown in Fig. 2-3.

Deriving from the stellarator approach, a large chamber can be designed specifically for the
radiometer searches, with the inner walls of the chamber covered by multiple fractal antenna
elements providing a broad-band receiving response in the 0.1-25 GHz frequency range with a
high efficiency and a nearly homogeneous azimuthal receiving pattern [36, 37]. Combination
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Figure 3: Exclusion limits for axion/ALP photon coupling to normal photons from existing
(white captions) and planned (black captions) experiments (adapted from [4]). The yellow band
corresponds to the parameter space allowed for the QCD axion. Theoretical expectations for
the axion/ALP DM are indicated in red. The expected sensitivity limits of the second phase of
the WISPDMX experiment are marked with turquoise color, reaching well into the DM favored
range of ALP coupling. The WISPDMX sensitivity is calculated for a setup with two tuning
plungers operating simultaneously. The hatched areas illustrate the expected sensitivity of
broadband experiments using the spherical reflector and the radiometry chamber approaches.

of multiple receiving elements provides also the possibility for achieve directional sensitivity to
the incoming photons.

The directional sensitivity can be realized through high time resolution enabling phase dif-
ference measurements between individual fractal antenna elements. Making such measurements
is well within the reach of the present day data recording implemented for radio interferometric
experiments with the recording rate as high as 16 Gigabit/sec [38]. This recording rate provides
a time resolution down to 0.12 nanoseconds, thus enabling phase measurements over effective
travel path difference 6, ~ 4 millimetres. This corresponds to an angular resolution ¢, in the
range of R/(L/& + 1)[(R? + L*)Y/2 — ]~ < ¢p < (2R/6 + 1)Y2/(R/6) + 1), where R and L
denote the smallest and largest dimensions of the chamber, respectively. For a chamber fitted
into the HERA H1 magnet (assuming R ~ 1m and L = 3m), this corresponds to angular
resolutions of 0.05° < ¢, < 5°. The radiometry chamber measurements could therefore provide
an attractive experimental concept for performing WISP DM searches in the range of particle
mass between 0.1 and 2 peV, thus closing the low end of the parameter space still open for the
axion dark matter.
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It is well-known that electric dipole moment (EDM) constraints provide the most stringent
bounds on axion-mediated macroscopic spin-dependent (SD) and time reversal and parity
violating (TVPV) forces. These bounds are several orders of magnitude stronger than
those arising from direct searches in fifth-force experiments and combining astrophysical
bounds on stellar energy loss with E6tvos tests of the weak equivalence principle (WEP).
This is a consequence of the specific properties of the axion, invoked to solve the Strong
CP problem. However, the situation is quite different for generic light scalars that are
unrelated to the strong CP problem. In this case, bounds from fifth-force experiments and
astrophysical processes are far more stringent than the EDM bounds, for the mass range
explored in direct searches.

In this work [1], we consider the nature of constraints on macroscopic spin-dependent (SD)
and T- and P-violating (TVPV) forces mediated by light scalar particles. In particular, we focus
on differences between forces mediated by axions that solve the Strong CP problem and generic
scalars that are unrelated to the Strong CP problem. Here macroscopic forces are understood
to have an interaction range r > 1 A. For example, such a force can arise at the microscopic
level through a coupling of a light scalar ¢ with the light quarks ¢ = u,d

Loge = ©alg? +igly)q (1)
which in turn can induce nucleon level couplings
EapNN = ¢ N(gs + igp'YS)N s (2)

where the nucleon-level couplings gs , are related to the quark level couplings gf , via nuclear
matrix elements as determined by a matching calculation. For simplicity, we have assumed
isoscalar couplings so that g, = gg{p and ignored possible couplings to leptons. Such interac-
tions give rise to a nucleon-nucleon monopole-dipole potential in the non-relativistic limit that
has the form [2]

52'f m 1 —mor
V)= e g, (52 rm)em )

*Speaker at the 10" PATRAS Workshop on Axions, WIMPs, and WISPs, 2014, CERN, Geneva, Switzerland.
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where &2 acts on the spin of the polarized nucleon and 7 = 7/r is the unit vector from the
unpolarized nucleon to the polarized nucleon. Direct searches in fifth-force experiments and
astrophysical bounds on stellar energy loss, yield (or plan to yield) upper limits [3, 4, 5, 6, 7, 8,
9, 10, 11, 12, 13, 14, 15] on the product of couplings gsg,. A summary of various experiments
can be found in Ref. [16].

Since the nucleon-nucleon potential in Eq. (3) is TVPV, it will induce non-zero electric
dipole moments (EDMs) in nucleons and nuclei. The EDM for an elementary fermion arises
from a term in the Lagrangian of the form £ = —i g otV yOy F v, which gives rise to the non-

relativistic Hamiltonian of the form H = —d E - %, where § is the spin of the particle and E is
the electric field. For a non-zero value of d, TVPV or CP violation arises as a consequence of
the CPT theorem and the time-reversal behavior of the interaction T'(E - S) = —E - §. Current
bounds from EDM experiments yield a bounds on the EDMs of the neutron |d,| < 2.9 x 10713
e-fm [17] and the diamagnetic mercury atom |dpy| < 2.6 x 107! e-fm [18]. SInce the TVPV
nucleon-nucleon potential in Eq. (3) can induce non-zero EDMs, these EDM bounds translate
into bounds on gsg,. Some examples of diagrams involving ¢-exchange that contribute to nu-
clear EDMs and are proportional to g,g, are shown in Fig. 1.

v

N p p P
7 N N

Figure 1: Example diagrams of @-exchange that can contribute to nuclear EDMs.

We are then led to ask the question of how bounds on gsg, arising from fifth-force exper-
iments compare with those arising from EDM constraints. It is well-known that when ¢ is
the axion(a) [19, 20, 21, 22] that solves the strong CP problem, EDM constraints on g,g, are
several orders of magnitude more stringent [23] than those derived from fifth-force experiments.
As we explain below, this is result of the unique properties of the axion that arise from the
need to solve the Strong CP problem. However, we show that for the case when ¢ is a generic
scalar, unrelated to the Strong CP problem, the situation is quite different and the bounds from
fifth-force experiments on gsg, can be several orders of magnitude more stringent than those
arising from EDM experiments.

1 Axion Scenario

We can understand the differences in the bounds on g,g, between axions and generic scalars
due to the unique properties of the axion couplings and their connection to the Strong CP
problem. For the purposes of illustration, we consider QCD with one quark flavor. The terms
relevant to the Strong CP problem are given by

Qs
1R

L =0

Go,G™ —mgqq . (4)
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The A-term is the source of flavor-diagonal CP violation in QCD. One can perform an axial
U(1) 4 transformation so that the Lagrangian in Eq. (4) becomes

L = —mgcoslqq+m,sind giv’q (5)

with strong CP violation now moved entirely into the quark mass terms. So far there has been
no observable strong CP violation and current EDM bounds require |§] < 1070, This is the
well-known Strong CP problem. The axion provides a solution [19, 20, 21, 22] to the Strong
CP problem by extending the Standard Model (SM) with new fields that are charged under a
new anomalous U(1) pg Peccei-Quinn symmetry, under which the SM fields are neutral. This
symmetry can be used to completely rotate away the f-term, thereby solving the Strong CP
problem. However, in order to avoid additional light QCD degrees of freedom, the Peccei-
Quinn symmetry must be broken at a high energy scale 10° < f, < 10'2 GeV. The axion
field a(z) is the pseudo-Goldstone boson that arises from the spontaneously broken U(1)pg

symmetry. A U(1)pg transformation results in the shifts  — 6+ 2, @ — @ —2a, so that

the combination 8 + %2 is left invariant. Thus, in the low energy effective theory where all
heavy degrees of freedom have been integrated and only the axion and the SM fields remain,
all interactions involving the axion must be built out of this invariant combination. Thus,
the low energy effective theory axion interactions can be obtained by making the replacement
60— 0+ a(r in the QCD Lagrangian. Making this replacement in Eq. (5) we get the effective
Lagranglarf

L, = —cos (é—i— i) mg Gq + mg sin (9 + fa) giv°q (6)

Ja

which makes manifest the couplings of the axion to the SM quark. The axion can acquire a
non-zero expectation value due to strong interaction quark condensates so that we can write the
axion field as a(x) = (a)+a(z) , where a(x) denotes the axion field corresponding to excitations
above the vev (a). This gives rise to a new induced f-parameter foq = 0 + %, so that the
Lagrangian in Eq. (6) now takes the form

Lo, = —cos(cff+ )mqq_q+mqsin(cff+ )zji’y5q . (7)

fa fa
Non-perturbative QCD effects generate an axion potential via a non-zero quark condensate,
given by V(Heff + fi) = —x(0) cos (aeﬂ‘ + fi), where x(0) = —my, (Gq). Expanding the

potential V (feg) around its minimum gives V(fe) ~ 2x(0)6%. ie. the minimum of the
potential corresponds to f.¢ = 0, so that the dynamical relaxation of the ground state axion
potential solves the strong CP problem.

The presence of higher dimensional CP-odd operators, like the quark chromo-electric dipole
moment, can generate terms that are linear in O, so that the minimum of the potential is
shifted to a small but non-zero value of f.g. This can occur via correlators of the type [24]
xcp(0) = —ilimy o [ d*z ¢ (0|T(GG(x), Ocp(0))]0) so that the expanded potential now
takes the form V(fer) =~ xcp(0) Oosr + %0) 02¢. The potential is now minimized at a non-
zero value Go.g = —xcp(0)/x(0). Thus, the axion scenario can generate non-zero EDMs while
still providing a dynamical mechanism to explain the small size of strong CP effects in QCD.
Expanding the axion Lagrangian in Eq. (7) in f.g and a(z), we arrive at

L, = (96% ~1) myag+ (b + +

; ; Ladlqq+ - . (8)

)mqqz'y Q+2f
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The mass and the couplings of the axion to the quarks are now manifest

Oegm
L x(O)72 (9)

m 1

q — qg _ 9 ~
= — = — My >~ —
ga,s fa ’ ga,p fa ’ ¢ fa

where gZ ; and gZ , denote the scalar and pseudoscalar couplings respectively. Note that since

the Peccei-Quinn symmetry breaking scale f, > |x(0)|*/2, the axion is very light and can
mediate a macroscopic force. Note that based on the quark-level couplings in Eq. (9), the
product of the nucleon-level couplings will be of the form

2

929y o Oest % ; (10)

a
where the constant of proportionality will be determined by nucleon matrix elements. We can
see that the size of the SD fifth-force is heavily suppressed by m2/f2 < 1.

However, note that the dominant contribution to the nucleon and nuclear EDMs arise from
nuclear matrix elements of the CP-odd mass term f.gm, ¢iv°q in Eq. (8). This term does
not suffer from the suppression factor mi /f2 < 1 that occurs in the context of fifth-force
experiments via Eq. (10). In other words, the dominant effect that generates an EDM is
independent of the product of couplings g.g,. Thus, the properties of the axion allow for a
relatively large effect in EDMs and a heavily suppressed effect for fifth-force experiments.

Current EDM bounds require g < 10710, Using this value along with mg ~ 1 MeV and a
Peccei-Quinn scale f, ~ 10° — 102 GeV, corresponding to the axion window, gives a bound on
gsgp for the axion as

m2

9sGp X Oeft f—g <1074 — 1073 . (11)
a

For a more detailed discussion we refer the reader to Ref. [1]

2 Generic Scalar Scenario

The situation is quite different for a generic light scalar, unrelated to the strong CP problem.
For a generic scalar, a non-zero nucleon or nuclear EDM is generated via the exchange of ¢
through diagrams. Thus, unlike the case of axions, the value of a non-zero nuclear EDM is
proportional to g,g, and arises through diagrams of the type shown in Fig. 1. However, for a
generic scalar the product of couplings g.g, is unrelated to the Strong CP parameter 6.4 and
are a priori unrestricted free parameters.

The computation of nuclear EDMs is a highly non-trivial many-body problem involving
hadronic and nuclear effects (see Refs. [25, 24, 26] for recent reviews). We do not attempt to
carry out rigorous computations and instead only aim to provide order of magnitude estimates.
In particular, we estimate the contribution to the mercury (***Hg) EDM from a generic scalar
. The dominant contribution will arise from the first diagram in Fig. 1 that involves a tree-
level exchange of ¢, proportional to g;g,. However, we do not have the machinery to perform
a many-body computation of this effect involving the spin-dependent potential in Eq. (3). In
order to provide an order of magnitude estimate, we use the result that the nuclear EDM dg
is given in terms of the nuclear Schiff moment Sg, as [27, 18]

Shg

—4
drrg ~ 2.8 x 1074 =24

(12)
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Properties Axion (a) Generic Scalar ()
EDM Source TVPV quark mass ¢ -exchange
~0mgqivsq
Js ~0 % x 0 m, arbitrary
9p ~ % X Mg arbitrary
e R
9s9p ~ 0 % o O m? arbitrary

Table 1: Summary of differences between an axion (a) and a generic light scalar (¢) in terms
of their couplings to quarks and contributions to non-zero EDMs.

The Schiff moment is a function of TVPV pion-nucleon couplings Sgy = g=nnN (ao gff]z, N T

aq gﬁrljz,N + as gf}m) e fm® in the Lagrangian

Lovn = GOy N7ON7e + gty NN+ g% o (N7oN7¢ — 3N Nx°) |, (13)
where g,nyn =~ 13.5 and 577(33, N gfrljz, N 97(72]3, n denote the isoscalar, isovector, and isotensor TVPV
pion-nucleon couplings, respectively. We compute the third diagram in Fig. 1 and interpret the
result as a contribution to the TVPV pion-nucleon couplings. In particular, we find that only
the isoscalar component receives a non-zero result

sa@ oL M3+ mam, +m gam?2

IxNN = 161 Mr 4+ My, 90 MeVmyf, 9s9p >

(14)

and is proportional to gsg,. We refer the reader to Ref. [1] for further details on the computation.
The resulting shift in the nuclear Schiff moment and the current experimental constraint |dg,| <
2.6 x 10716 e-fm [18], translates into a bound on |gsg,| < 1072, As noted earlier however, the
dominant shift to the nuclear EDM will arise from the first diagram in Fig. 1, corresponding to
a tree-level p-exchange between nucleons and we expect it to be about two orders of magnitude
larger than the loop-suppressed diagram that generates the shift 5§7(23, ~- Thus, we expect an
upper bound on gsg, in the range

|gsgp| S [10711, 1079} . (15)

Thus, we see that the EDM bound on g,g, is much weaker for a generic scalar, compared to
the case of an axion as seen in Eq.(11).

3 Conclusion

It is well-known that for axion-mediated macroscopic spin-dependent forces, the strongest
bounds arise from electric dipole moment constraints. However, we have shown that for generic
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scalars, unrelated to the Strong CP problem, fifth-force experiments and astrophysical con-
straints provide bounds that are several orders of magnitude more stringent than those arising
from electric dipole moment constraints. A summary of the main relevant differences between
axions and generic scalars is given in Table 1. Thus, these different experiments and obser-
vations can be complementary to each other in unraveling the true nature new macroscopic
spin-dependent forces.
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Axion-like particles (ALPs) are a common prediction of certain theories beyond the Stan-
dard Model and couple to photons in the presence of external magnetic fields. As a
consequence, photon-ALP conversion could lead to an enhancement of the flux of extra-
galactic y-ray sources that is otherwise attenuated due to the interactions with background
radiation fields. The magnetic fields traversed by the v rays are often turbulent and fre-
quently modelled with a simple domain-like structure. Given a maximum mixing between
photons and ALPs, we show that in such models realisations of the fields exist for which
the photon-ALP oscillation probability vanishes. This behaviour does not occur in more
sophisticated magnetic-field models.

1 Introduction

Very high energy « rays (VHE; energy F > 100 GeV) originating from extragalactic objects
interact with photons of the extragalactic background light (EBL) leading to an exponential
attenuation of the y-ray flux emitted by the source [8]. Direct detections of the EBL are difficult
due to foreground emission [11] and thus the exact level of the EBL photon density remains
unknown. Recent EBL models (e.g. Refs. [15, 6, 10]) predict densities close to lower limits
deduced from galaxy number counts [16, 9]. In simple emission models of blazars!, no spectral
hardening is expected at VHE and consequently spectra corrected for EBL absorption should
not show such features. Nevertheless, evidence for such signatures has been found [4, 3, 7, 13,
24]. An explanation might be the oscillations of y-rays into axion-like particles (ALPs), spin-
0 pseudo-Nambu-Goldstone bosons that arise in certain Standard Model extensions. These
particles couple to photons in external magnetic fields (see Ref. [14] for a review) and could
lead to a flux enhancement as ALPs do not interact with EBL photons.

Several turbulent magnetic-field environments have been studied in this respect including
the intergalactic magnetic field [22, 5], the AGN host galaxy [27], intra-galaxy-cluster fields [12],
magnetic fields in AGN lobes [26], and in the Milky Way [25]. The turbulent fields are commonly
modelled with a simple domain-like structure: the path length is split up into N domains of
coherence length L.,,. While the field strength remains constant over all cells, the orientation

1Blazars are active galactic nuclei (AGN) with a jet closely aligned to the line of sight. It is the most common
source class for extragalactic VHE ~-ray emitters, see e.g. http://tevcat.uchicago.edu/.
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of the field is assumed to change randomly from one cell to the next. The random nature
of the field makes it necessary to calculate the conversion probability for a large number of
random realisations. As N grows, the photon-ALP oscillations can often only be calculated
numerically. Here, we show analytically that in these simple models realisations exist for which
the photon-ALP conversion probability vanishes.

2 Photon-ALP oscillations

The equations of motion of a monochromatic photon-ALP beam composed of the two photon
polarisation states A; » and the ALP field strength a, ¥ = (A;, A2, a)T, of energy E propagating
along the x3 axis in a cold plasma with homogeneous magnetic field can be written as [23]

(id + E+ Mo) U(z3) =0, (1)
d.’Eg

where the mixing is induced by off-diagonal elements of the mixing matrix M. The resulting
photon-ALP oscillations are similar to neutrino oscillations and we denote the mixing angle by
« (see, e.g. Ref. [2] for the full expressions for Mg and «). Equation (1) can be solved with the
transfer matrix T, so that U(z3) = T (z3,0;1; E)¥(0), where ¢ denotes the angle between the
transversal magnetic field and the photon polarisation state along x5 [3]. With the eigenvalues
Aj, 3 =1,2,3, of the mixing matrix and introducing the notation sg = sin and cy = cosf, the
transfer matrix can be written as [3]

3 ci _chi 0
’T:Ze’)‘j“ﬂ- with Ti = | sycy s?p 0],

j=1 0 0 0
57,54 CySpSE  —SyCaSa 53,.Co CypSyCa SyCada
— 2 2 2 _ 2 2 .2
To=| cysyss, € Sa —CpCaSa |, Tz = |cyspcs  cpch  CypCasa | - (2)
—SyCaSa  —CyCaSa 2 SyCaSa  CyCasa s2

For N consecutive domains with angle v, in each domain, it can be shown that the total
transfer matrix is given as a product over all domains,

N
T(xa,n, . s T315UN,..., Y13 E) = H T(23m41, 23,53 Yn; ). (3)

n=1

Present ~-ray experiments cannot measure the polarisation. Therefore, one has to generalise
the problem at hand to the density matrix formalism, where p = ¥ @ W' [21]. The probability
for an initially unpolarised photon beam, punpol = 1/2diag(1,1,0), to oscillate into an ALP,
Paa = diag(0,0,1) is then given by [21]

Pa’y =Tr (paanunpolTT) . (4)

The oscillation probability will take some value 0 < P, < 1/2 [20] depending on the realisation
of the angles {1, } and the mixing angle. Interestingly, realisations exist for which P,, = 0
even though a > 0. To show this we assume an even number of domains where ¥ = ¢7 in one
half of the domains and (¢ + 1)7 in the other half (where ¢ is a real non-zero number) ordered
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randomly. A straightforward calculations shows that the commutator of the transfer matrices
C=[T®W=(c+1)nm),T (¢ =cm)] is an anti-symmetric matrix with entries

Ciz=—-Cs = = (" — 6”‘313)2 SenSia (5)

DN = N =

Cys = —Cly = (ehems — ei)\sxS)Q Con S (6)
and zero in all other entries. The matrix elements of the product T () = (¢ + 1)7m)T (¢ = em)
that induce mixing (i.e., the i3, i = 1,2 elements in the current basis) are found to be equal to
2C;3. Above a critical energy E..;; the mixing becomes independent of energy. If in addition the
mixing is strong so that o — /4, the commutator and the mixing inducing matrix elements
vanish. With the commutator equal to zero we can now combine all pairs of e and (¢ + 1)7
transfer matrices and see that the resulting product of all matrices given in Eq. (3) does not
induce any photon-ALP mixing.

As an example, we show this behaviour in Fig. 1, in which we assume magnetic-field param-
eters found in galaxy clusters. The conversion probability is calculated numerically following
Eq. (4). Above the critical energy the probability goes to zero, however, around the critical
energy oscillations still occur. Our findings still hold even if photon absorption is included as
it is the case for conversions in the intergalactic magnetic field. However, as this magnetic field
evolves with redshift, not all realisations lead to a conversion probability exactly equal to zero
for all random permutations.

3 Conclusions

As shown in the previous section, the photon-ALP conversion probability can be exactly zero in
special configurations of a turbulent magnetic field given that (a) it is modelled with a simple
cell-like structure and (b) that the mixing occurs in the strong mixing regime, i.e. at energies
> Fuit and a — 7/4. Oscillations around the critical energy still occur making spectral
features at this energy a universal prediction of photon-ALP oscillations. The absence of such
signatures in -ray spectra has already been used to constrain the photon-ALP coupling [1]. In
more realistic models of the turbulent field (that use, e.g., a Kolmogorov turbulence spectrum)
we do not have the freedom to choose the ¢ angles (see, e.g. Ref. [19]) and we cannot easily
construct a scenario with vanishing mixing as done here. Utilizing such models, it can be shown
that the future Cherenkov Telescope Array will be sensitive to detect a boost in the photon
flux for photon-ALP couplings > 2 x 10~ GeV ™! and ALP masses < 100neV [17], the same
parameters that could explain evidence for a reduced opacity for VHE ~-rays [18].
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Figure 1: Conversion probability in 30 domains with L¢,n, = 10kpc and B = 1 uG. Half of the
domains have 1) = 0 while in the other half ¢» = 7 is chosen. The solid line shows the median
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The elegant solutions to the strong CP problem predict the existence of a particle called
axion. Thus, the search for axion like particles (ALP) has been an ongoing endeavor.
The possibility that these axion like particles couple to photons in presence of magnetic
field gives rise to a technique of detecting these particles known as light shining through a
wall (LSW). Mississippi State Axion Search (MASS) is an experiment employing the LSW
technique in search for axion like particles. The apparatus consists of two radio frequency
(RF) cavities, both under the influence of strong magnetic field and separated by a lead
wall. While one of the cavities houses a strong RF generator, the other cavity houses
the detector systems. The MASS apparatus looks for excesses in RF photons that tunnel
through the wall as a signature of candidate axion-like particles. The concept behind the
experiment as well as the projected sensitivities are presented here.

1 Introduction

The axion was proposed to solve the strong
CP problem [1]. Axions have been proposed
as a good cold dark matter candidate [2]. In
addition to other super-symmetric dark mat-
ter candidates, axions are included as dark
matter constituents especially in super sym-
metric extensions of the standard model [3].

A single parameter, the axion decay con-
stant, f, is sufficient to describe the physics
of axions.

1012GeV
fa=6x 1075 1026¢V 1)
Mq
where m, is the mass of the axion. Axions
and ALPs are characterized by small masses
arising from the shift symmetry of the ALP
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field, ¢(z). The shift symmetry ¢(z) — ¢(x)+ const. prohibits explicit mass terms (o mi¢>2) in
the ALP Lagrangian. The only way an ALP field could interact with standard model particles
is via derivative couplings (x 9¢/f,). This significantly suppresses their interactions below
the f, scale, effectively making ALPs weekly interacting sub-eV particle (WISP) candidates
[4]. Furthermore, the two most relevant two photon couplings can be written for both pseudo-
scalar and scalar ALPs respectively as;

9+(-) Fuuﬁvuu¢+(—) (2)

Lotrqy ==

where, F,, is the electromagnetic field, g, () = g,(a/nfa), g4 = —0.97 in Kim-Shifman-
Vainshtein-Zacharov (KSVZ) model [5] or g, ~ —0.36 in Dine-Fischler-Srednicki-Zhitnitskii
(DFSZ) model [6] , and « is the fine structure constant.

2 Method

In the MASS experiment,
Primakoff effect is em-
ployed to put the LSW
technique to test where
the incident photon cou-
ples with the magnetic
field to create lightly inter-
acting ALPs which pass
through a barrier, regen-
erating to photons on the =
dark side of the barrier,

while ideally no photons [iwrem]

pass through the barrier.
The regenerated photons Figure 2: Schematic diagram showing the fast electronics in line

have the same character- before the data is written to disk.

Main Electronics

Gate Pulse: S2c s2c

istics as the incident photons, i.e. they are of the same frequency, phase and couple to the same
electromagnetic mode. Since photons are regenerated via an ALP, the rate of regeneration (R)
is given by [7];

R = NyecQaPy-arpParp—y (3)
2
B . m2L
Py sarp = Parpoy = <€n_2> Sin? ( ™ ) (4)
2w

where NN, is the number rate of photons, €. is photon capture efficiency, QQq is the detector
quantum efficiency, Py, arp is the probability of conversion of a photon to a scalar ALP,
P41 p—s~ is the probability of conversion of a scalar ALP to a photon, g is the coupling constant,
m is the mass of the ALP, B is the magnetic field strength, w is the energy of the photons and
L is the length of the cavity under magnetic field.

3 Apparatus

The MASS apparatus consists of two tunable evacuated cavities as shown in Figure 1. These
two cavities are mutually isolated. The “light” cavity houses a StreakHouse T transmission

114 PATRAS 2014



MISSISSIPPI STATE AXION SEARCH: A LIGHT SHINING THOUGH A WALL ALP SEARCH

antenna [8], capable of transmitting integral multiples of 410 MHz and the “dark” cavity houses
an antenna capable of mapping local field in all three spatial axes. A compact dipole magnet
bathes the two cavities in a magnetic field in the radial direction while a solenoid is used to
create a magnetic field along the axis of the cavities (Z-direction). The radial magnetic field
produced by the dipole magnet was mapped using a DPPH (Di-Phenyl Picryl Hydrazyl) probe
and is presented in Figure 3. The solenoid is only used to tune the cavity and thereby has
a low field strength output (< 0.5 T). The transmission antenna is mounted at the end of a
calibration tube, precise to within 1 nm which allows for additional fine tuning of the cavity.
The other end of the calibration tube provides for a number of electronic feed thoughts. Feed
through for the receiving antenna electronics is completely separated from the feed through for
the main transmission antenna.

The cavities are usually tuned simul-
taneously to TMy19 and TMyyo where ELS o - .
the most fundamental mode corresponds ) / \
to 410 MHz. About 120 W of RF ) ;
power is dumped into the “light” cavity '
through the transmission antenna. The
transmission power gives a measure of '
number rate of photons, N, in Eq. (3). Lol / \ ]
A precise measurement of the standing _ J,-"
wave ratio (SWR) of the receiving an- R S
tenna gives a measure of the product of 0 : . . e
photon capture efficiency and its quan- e
tum efficiency, €.Qq, in Eq. (3).

MASS experiment employs a redun- Figure 3: Plot showing the dipole magnetic field pro-
dant frequency lock-in technique to con- file in the 2 cavities used in MASS. On the left hand
trol signal to noise ratio in the appara- side of the red line is the “light” cavity and on the
tus. The primary signal is generated us- right hand side of the red line is the “dark” cavity.
ing a 16-bit programmable digital oscil-
lator which is then amplified a number of times to reach 120 W of continuous transmission
power. Both the receiver signal and the primary signal are rectified, integrated and normalized
(hereby referred to as processed) such that their difference is ideally null except in the case of
there being a regenerated photon (Figure 2). Processing involves continuous rectification which
converts all negative components to positive. Furthermore, the rectified signal is integrated
over 1 ms before the running integrand is reset to zero. The regenerated photons show up
as small excesses in the running integrand at the end of the corresponding 1 ms time period.
Integrating the receiver signal also reduces the amount of digitized data by a factor of 410 x103,
since the primary signal is 410 MHz and the integrated signal has a frequency of 1 kHz due to
the integration time period being 1 ms. The difference between the processed primary signal
and the processed receiver signal has the same frequency and phase information as that of the
processed primary signal, therefore the processed primary signal also serves as the reference for
the three SR 530 [9] lock-in amplifiers. The difference of the processed receiver signal and the
processed primary signal is then subject to three sets of SR 530 lock-in amplifiers which use
the processed primary signal as a reference providing a signal to noise ratio better than 10'8
accounting for residual thermal noise and quantum fluctuations.

The processed and amplified receiver signal is then digitized and written to disk. A set
of trigger antenna within the apparatus located around the “dark” cavity pickup on external

Magnetic Field Map using DPPH
T T T T T
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noises and creates a gate during which time the processed and amplified primary signal is not

written to disk.

4 Conclusion

Taking into account the inhomogeneity of the
magnetic field, the characteristics of the two
main antennae, residual RF field on the “dark
side of the cavity” and the thermal noise,
all of which contribute to the uncertainity
in measured rate of regenerated photons, the
possible sensitivity of MASS to scalar and
pseudo scalar ALPs is calculated using Eq.
(3) & (4), as presented in Figure 4. It might
be important to note that since the exclusions
that MASS can provide for scalar and pseudo
scalar ALPs are similar to each other, Figure
4 has plotted the sensitivities to two different
cavity modes, each a multiple of the funda-
mental frequency of 410 MHz, both of which
are accessible in the MASS apparatus.

Even though the sensitivity that MASS
can provide in the low mass regime (10 peV -
100 peV) for both scalar and pseudo scalar
ALPs will only be comparable to the cur-
rently available limits, and not any better, it
shall demonstrate the feasibility of using the
LSW technique with RF photons.
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A search for axioelectric absorption of 5.5 MeV solar axions produced in the p+d — 3He+
~v (5.5 MeV) reaction has been performed with a BGO detectors. A model-independent
limit on the product of axion-nucleon g%y and axion-electron g. coupling constants has
been obtained: |gae % gn| < 1.9 x 1071 for 90% C.L..

1 Introduction

There are new possibilities for strong CP problem solution, which allow the existence of axions
with a large mass ( 1 MeV), while their interaction with ordinary particles remain at the level
of the invisible axions. The models rely on the hypothesis of mirror particles [1] and SUSY
at the TeV scale [2]. The existence of these heavy axions is not forbidden by the laboratory
experiments or astrophysical data.

This article describes the experimental search for 5.5 MeV solar axions, which can be pro-
duced by p + d — 3He + A reaction. Axion flux should be proportional to the pp-neutrino
flux, which has been estimated with high accuracy [3]. The searches have been performed with
the use of bismuth orthogermanate BigGezO12 (BGO) scintillation and bolometric detectors.
The solar axions are supposed to interact with atoms via the reaction of axioelectric effect
A+e+Z — e+ Z. This kind of interaction is governed by ga.-constant and the cross section
depends on the charge as Z°. From this point of view the BGO detector is a very suitable
target, because of the high Zg; = 83 of bismuth nucleus.

The high energy solar axions and axions from a nuclear reactor have been looked by the
Borexino [4, 5], the CAST [6] and the Texono [7] collaborations. This paper is based on the
results of obtained with BGO scintillation [8] and BGO bolometer detectors [9].

PATRAS 2014 117



VALENTINA MURATOVA

The 5.5 MeV axion production probability ra-

- 10° a.a4mev| 110 (wa/w,) depends only on the isovector axion-
10° 3 v nucleon coupling constant g5, (see [9] and refs
Eppe ¢ pling gan
£ therein):
» 10° S 10?
g wa _ x [6An] (pa)’® pa\’
g e E?Me\Sl = |: AN:| <) = 054(‘9134]\7)2 ()
= 10° 2.614 MeV W~y 2ma | ps Dy Dry
E (1)
S o where p, and p4 are, respectively, the photon and
E axion momenta and pug is isovector nuclear mag-
c netic momenta. At the Earth’s surface the axion
o flux is:

Py = Pupp(wa/wy) (2)

E, Mev where ®,,, is the pp-neutrino flux. The cross sec-

tion for the a.e. effect lculated in [10].
Figure 1: The energy spectrum of the BGO ion for the a.e. effect was calculated in [10]

detector measured (1) in anticoincidence and

(2) in coincidence with the muon veto signal. 92  B@G O scintillation detector

BGO crystal with mass 2.46 kg contains 1.65 kg of
Bi. The crystal was shaped as a cylinder, 76 mm
in diameter and 76 mm in height. The detector
signal was measured by an R1307 photoelectron multiplier, which had an optical contact with a
crystal end surface. The external y activity was suppressed using a passive shield that consisted
of layers of lead and bismuth (Bi;O3) with the total thickness ~ 110 g cm~2. The setup was
located on the Earth’s surface. In order to suppress the cosmic-ray background we used an
active veto, which consisted of five 50 x 50 x 12 cm plastic scintillators. The measurements were
performed over 29.8 days. The energy spectrum of the BGO detector in the range of (0-11)
MeV is shown in Fig. 1. In inset the calibration spectrum measured with Pu-Be neutron source
is shown.
In the spectrum, one can identify two pronounced peaks at 1.460 MeV and 2.614 MeV; these
are due to the natural radioactivity of the “°K and of 2°8T1 from the 232Th family. The positions
and intensities of these peaks were used for monitoring of time stability of the detector.

3 BGO bolometers

Four cubic (5 x 5 x 5 cm®) BGO bolometers, containing 1.65 kg of Bi, were arranged in a four-
plex module, one single plane set-up. The scintillation light was monitored with an auxiliary
bolometer made of high-purity germanium [12]. The detector was installed in the 3He/*He
dilution refrigerator in the underground laboratory of L.N.G.S. and operated at a temperature
of few mK. The four crystals were housed in a highly pure copper structure, the same described
in [13]. Neutron Transmutation Doped (NTD) germanium thermistor was coupled to each
bolometer, NTD acts as a thermometer: recording the temperature rises produced by particle
interaction and producing voltage pulses proportional to the energy deposition. Details on
electronics and on the cryogenic set-up can be found in [14, 15]. The detector was operated for
a total live time of 151.7 days.
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The different light yield of interacting particles
1633 keV was used to discriminate «—events from 3/~ ones.
uho events This allowed to strongly increase the sensitivity,

due to rejection of all a—events in the region of
interest. The total statistics in the range of (0.3-
4) MeV for B/~ events are in shown in Fig.2. The
most intense gamma lines are produced by 2°7Bi
decays. In first approximation, the energy resolu-
tion of large mass bolometric detector is indepen-
dent of the energy - the FWHM is 33.7 + 0.6 keV
at 2614 keV (2°8T1) and 33.2+0.1 keV at 570 keV
(207Bi).

10" 4
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|
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B
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-
|

10" 4

* e mev 4 Results

Figure 2: The energy spectrum of the four
BGO detectors (8 — and y— events) mea-
sured for a 151.7 days.

The expected number of axioelectric absorption
events are:

Sabs = N TP 40 4, (3)

where o4, is the axioelectric effect cross section;
® 4 is the axion flux (2); Np; is the number of Bi
atoms; T is the measurement time; and ¢ is the detection efficiency for 5.5 MeV electrons.
The axion flux ® 4 is proportional to the con-
stant (¢g3,)?, and the cross section o4, is pro-
portional to the constant g%,. As a result, the
Sabs value depends on the product (gac)?x (g% )2
The experimentally found condition Sgps < Spim
imposes some constraints on the range of possible
|g4e % g5 | and m 4 values.
The range of excluded |gae x g% x| values is
shown in Fig. 3, at m4 — 0 the limits

1070 o — 1-1g,.xg5|

|94e X gon| <29 x107Y and (4)
3 \j | 3 -10
1027 3 . Jgae X gan] < 1.9 x 10 at 90% cl..  (5)
10 . , were obtained for BGO scintillating and BGO
0,01 0,1 1 10

m,. MeV bolometer detectors, correspondingly. These con-
straints are completely model-independent and
Figure 3: The limits on the g4, coupling valid for any pseudoscalar particle with coupling
constant obtained by 1,2 -BGO-bolometer |ga.| less than 1076(4)
[9] and 5,6-BGO-scintillator [8] for |gac] For hadronic axion model with concrete rela-
and |gae X g5y, correspondingly; 3- solar tion between g3, and ma one can obtain a con-
and reactor experiments, 4- beam dump ex- straint on the g4, constant, depending on the ax-
periments; 7,8 - Borexino results for [ga. X ion mass (Fig. 3). For my = 1 MeV, this limit
x| and |gac| [5]. corresponds to |gae| < 9.6 x 1072 at 90%c.l..
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Figure 3 also shows the constraints which were obtained in the Borexino experiment for 478
keV “Li solar axions [4] and in the Texono reactor experiment for 2.2 MeV axions produced
in the n +p — d + A reaction [7]. Borexino coll. reported new more stringent limits on g4.
coupling for 5.5 MeV solar axions [5]. Unlike our work, these limits on g4, coupling were
obtained in assumption that the axion interacts with electron through the Compton conversion
process.

In the model of the mirror axion [1] an allowed parameter window is found within the P-Q
scale fa4 ~ 10*—10° GeV and the axion mass m4 ~ 1 MeV. The limit (5) may be represented as
a limit on the value f4 by taking the following relations into account: g%, = 0.5(g Ap — §An) =
1.1/f4 and gae = 5x 107%/f4. For axion masses about 1 MeV, the limit is f4 > 1.7x10® GeV,
which is close to the lower bound of mirror axion window.

Our results set constraints on the parameter space of the CP-odd Higgs (A°), which arise
in the next-to-minimal supersymmetric Standard Model due to the spontaneous breaking of
approximate symmetries such as PQ-symmetry. The corresponding exclusion region can be
obtained from Fig.3 using the conversion Cayy = gac2mw /gam. where Cay¢ is the coupling of
the CP-odd Higgs to fermions and g, = 0.62 is the gauge coupling. The limit (5) translates into
Cars xmygo <3 X 1073 MeV for m 40 < 1 MeV, which is compatible with the limits obtained
in reactor experiments exploring Compton conversion.

This work was supported by RFBR, grants 13-02-01199 and 13-02-12140-ofi-m.
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We revisit the limit on very light axion-like particles (ALPs) from the absence of gamma
rays coincidental with the neutrino burst from SN1987A. We use updated supernova sim-
ulations, modern models for the magnetic field inside the Galaxy, and a Primakoff cross
section which takes into account proton-degeneracy and mass-reduction effects.

We finally give an updated exclusion plot for the electromagnetic coupling of sub-eV ALPs,
comparing our new bound with other limits as well as with future ALP searches.

1 Reminder

Axion-like particles (ALPs) are generic predictions of theories beyond the Standard Model
of particle physics, where they essentially arise as pseudo-Nambu—Goldstone bosons of new
spontaneously broken global symmetries. The case for such light particles is actually arguably
getting even more interesting since the LHC discovered the scalar Higgs boson—and gave an
experimental evidence of how important spontaneous symmetry breaking can be in particle
physics— but has however so far found no new heavy particle beyond the Standard Model,
and in particular no signs of SUSY where it was presumably expected.

Together with the long-sought QCD axion, there is also some interest for ultralight ALPs,
somewhat driven by phenomenology: indeed, a number of observations in astrophysics have
been claimed by various authors to hint at the existence of such nearly massless (pseudo)scalars,
thereby defining another window of interest in the ALP parameter space. The reason why they
would be so interesting is the electromagnetic coupling that they might have, that would affect
in a number of ways the signals expected from astrophysical sources [1]. There of course exist
strong constraints on the electromagnetic coupling of such light particles, and the aim of this
work [2] is actually to revisit and update what has remained for almost 20 years the most
stringent bound over a wide range of masses in the astrophysical window [3, 4].

When a very massive star undergoes a core-collapse, lots of neutrinos are quickly radiated
by the proto-neutron star, leading to a short and intense neutrino burst that will arrive at Earth
hours before the optical flash. Such supernova (SN) explosions are in fact also an ideal place
to search for extremely light (m, < 107 eV) ALPs a with a generic two-photon interaction, of
effective coupling gq-:

1 a4
Loyy = ;ngMyF“ a. (1)
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Produced with typical energies related to the core temperature via the Primakoff effect on p™,
Pty =t +a, (2)

these light spinless particles would then quickly escape the exploding star, and later convert in
the Galactic magnetic field into y-ray photons, coincidental with the neutrino burst [3, 4].
Such a signal has been searched for in February 1987, when it has been realised that the
star Sanduleak had blown up as a core-collapse supernova in the Large Magellanic Cloud in
an event known as SN1987A: the first supernova that could be observed with the naked eye
for more than 300 years, located only 50 kpc away from us. As predicted, a burst of neutrinos
was detected; however, only an upper limit could be obtained on the « signal during this 10-s
burst, leading to the well-known constraints on the coupling of light axion-like particles which
we want to revisit: g,y <3 x 10712 GeV™! [3] or goy S 107 GeV ! [4], for m, <1079 €V,

2 Main updates

Supernova simulations & time resolution

The two original independent analyses have adopted different approaches: Ref. [3] relied on
analytical results only and considered typical estimates of the conditions inside a SN core, while
Ref. [4] considered both analytical and numerical results, using simulations of the conditions
inside the star at 1 s, 5 s and 10 s after the core bounce and eventually making a linear regression
to estimate the integrated photon flux at Earth over this time interval.

In our work, we use recently updated spherically symmetric supernova models [5] for two
progenitor masses: 18 Mg (resp. 10.8 M), with simulations up to 21 s (resp. 10 s) after bounce.
Our main result is obtained with the 18 Mg progenitor, while the 10.8 Mg one allows us to
investigate the dependence of our limit on the progenitor mass. In both cases, the simulation
data consist of a collection of ~ 600 snapshots at different times giving the profiles of various
physical quantities inside the proto-neutron star as a function of the radius. This also allows
us to get a more precise timing evolution of the ALP production inside the supernova.

Magnetic field & conversion probability

We make a very significant improvement for the description of the magnetic field. Indeed, the
original studies simply considered a homogeneous Galactic magnetic field of transverse field
strength By ~ 1 uG over L = 1 kpc, while we now use the recent model of Jansson and Farrar
of the Galactic magnetic field [6], and have also performed all our calculations using the one of
Pshirkov et al. [7] for comparison. A major difference between these elaborate models and the
original toy model is that they take into account the presence of a halo component over several
kiloparsecs; the various bounds that we obtain are therefore actually more stringent.

Both the original papers [3, 4] also used an approximate expression of the conversion prob-
ability, with Ap? being the difference of the mass eigenvalues squared, and 6, the mixing angle:

A,uQL) 1
4F 4
For the case at hand, this approximation would be valid in the massless limit and was estimated

to hold for m, < 1079 eV. In our calculations, we instead now consider the full conversion
probability and are therefore able to directly derive the mass dependence of the limit.

P, = sin®(26) sin*( givB%L% (3)

122 PATRAS 2014



A FRESH LOOK ON THE LIMIT ON ULTRALIGHT AXION-LIKE PARTICLES FROM. ..

Degeneracy & high density

We further include effects related to the conditions in the SN core that were mentioned but not
included to calculate the ALP production in Refs. [3, 4]. The first one is to take into account
the fact that the protons are partially degenerate. This affects the number of available targets
and also the screening inside the plasma (somewhere between the Debye and the Thomas—
Fermi regimes). The second is the fact that, due to the extremely high density during the first
seconds (p ~ 10* g cm™3), the p* effective mass can actually go down to about 50% of its
value in vacuum. This makes the protons easier to be degenerate but also means that there
are more targets available for a given mass density. We further take this mass reduction into
consideration, and use the updated tables of equation of state for nuclear matter in a supernova
(2010, 2011) based on Ref. [8], which were actually also used in the SN models themselves [5].

3 Bottom line

Putting together the improvements discussed above, the low-mass bound that we obtain is [2]
Jay $53x 10712 GeV™!, for m, $4.4x 1070 eV, (4)

The results are very stable over a variety of changes mostly because the limit on g, essentially
goes as the fourth root of the fluence. We give an exclusion plot for low-mass ALPs in Fig. 1,
updating the one from Ref. [9] to include our main result, obtained using the model of Jansson
and Farrar for the Galactic magnetic field. We also compare the new limit with the constraint
from quasar polarisation measurements [10] that corresponds to the magnetic field and electron
density assumed in Ref. [11] in the plane of the local supercluster.
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The OSQAR photon regeneration experiment searches for pseudoscalar and scalar axion-
like particles by the method of “Light Shining Through a Wall”, based on the assumption
that these weakly interacting sub-eV particles couple to two photons to give rise to quantum
oscillations with optical photons in strong magnetic field. No excess of events has been
observed, which constrains the di-photon coupling strength of both pseudoscalar and scalar
particles down to 5.7 -107% GeV ™! in the massless limit. This result is the most stringent
constraint on the di-photon coupling strength ever achieved in laboratory experiments.

1 Introduction

Embedding the Standard Model (SM) of particle physics into more general unified theories often
results in postulating new elementary particles in unexplored parameter space. A number of
weakly interacting sub-eV particles (WISPs) are thus predicted besides the weakly interacting
massive particles (WIMPs). The most prominent example of WISPs is the axion [1], first
anticipated from the breaking at the quantum level of an additional U(1)p, global symmetry
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postulated to provide a natural solution of the strong CP problem [2]. This light spin-zero
particle is one of the basic outputs of the string theory, where a number of axions and axion-
like particles (ALPs), either pseudoscalar or scalar, naturally emerge [3]. It moreover constitutes
a non-supersymmetric candidate of the so far unobserved dark matter in the universe [4].

The detection of WISPs requires dedicated low energy experiments, in contrast to the
WIMPs which are suitably searched in the facilities of the high energy frontier such as the
CERN Large Hadron Collider (LHC). A number of methods have been proposed and imple-
mented in the recent years, based on lasers, microwave cavities, strong electromagnetic fields
or torsion balances [5]. The OSQAR experiment at CERN combines high intensity laser beams
and strong magnetic fields to search for WISPs at this low energy frontier. One of its setups uses
the “Light Shining Through a Wall” (LSW) method for the search of the WISPs, as considered
in a pioneering work which excluded ALPs with a di-photon coupling constant ga~ larger than
6.7-1077 GeV~! for ALPs masses below 1073 eV [6]. These exclusion limits were extended
in later LSW experiments, which now excludes ALPs with a di-photon coupling constant ga~~
larger than 6.5 - 1078 GeV~! in the massless limit [7]. We present here, following our previous
work [8], the analysis of the latest dataset taken in 2013, including advanced techniques for the
data treatments. As a result we will tighten the current exclusion limits for the ALPs di-photon
coupling constant down to ga,, < 5.7 - 1078 GeV~! in the massless limit.

2 Experimental Setup and Data Taking

LSW experiments are based on

the combination of photon-to-WISP Optical barrier

and WISP-to-photon double quan- LHC Magnet 1 LHC Magnet 2

tum oscillations and interaction B=9T B=9T

weakness of the WISPs with the Laser Siaan i \./| ccp
fermions of the SM. The method

in the case of ALPs takes advan- Source of scalar ; ; Photon.

tage of the ALPs di-photon cou- - ”jfa“,?i‘c’[;;“'“ i

pling to create ALPs from polarized

photons traversing a magnetic field, Figure 1: Principle of a LSW experiment for ALPs search.
which will propagate across the op-

tical barrier where the photons are blocked (see Fig. 1). A magnetic field of same strength
is applied in the regeneration domain where the opposite process occurs meaning the ALP
produces a photon that is subsequently detected by a CCD. The Lagrangian density of the in-
teraction of a pseudoscalar ALPs field A, such as the axion field, with the electromagnetic field
F,,,, has the generic form L;,; = —%QAW AF, F*¥ =gayy AE-B, where F'V = %e”“aﬁFa,@
is the dual of F,, and ga,, the ALP di-photon coupling constant. This points out that
the photons from the incoming laser beam must be polarized parallel to the magnetic field
for optimum conversion. With a scalar ALPs field A the interaction takes the generic form
Lint = —igAW AF, F' = gayy A %(EQ —B?), in which case the photons from the incoming
laser beam must be polarized perpendicular to the magnetic field for optimum conversion. In all
cases the probability of an ALP-to-photon (A — =) or of a photon-to-ALP (v — A) conversion
is given by [9]:

qL

2
1 2
Pioa= Z(QA'WBL)Q (07[/ s 7) (1)
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in units of Heaviside-Lorentz system (h = ¢ = 1). ¢ = |ky — k4| stands for the momentum
transfer, where k, = w is the momentum of the photon of energy w and ka4 = y/(w? — m?%) the
momentum of the ALP of mass m 4. The concept of LSW experiments inherits the probability
given in Eq. (1) twice so the overall probability for photon regeneration is Py, 4, = (Py A)Q.
This one being proportional to the 4 — th power of (BL) stresses the necessity of the strongest
magnetic field B over the longest optical path length L. Taking n as the photon detection
efficiency and P as the optical power, the flux of detected reconverted photons is then given by

dN P

ar ;77 (Pw—»W)Q (2)

The experimental setup of the OSQAR photon regeneration consists of two LHC dipole
magnets separated by an optical barrier as schematized in Fig. 1. Each magnet is cooled down
to 1.9K with superfluid He and provides an uniform transverse magnetic field with a strength
of 9T over a magnetic length of 14.3m. A diode-pumped solid-state laser from Coherent, Inc.
has been used to deliver 15 W of optical power at a single wavelength of 532nm (2.33eV). The
photon beam is linearly polarized with a vertical orientation parallel to the magnetic field, which
is suited for the search of axions and pseudoscalar ALPs. A \/2 wave-plate with antireflective
coating layers oriented at 45° was inserted at the laser exit to align the polarization in the
horizontal direction for the search of scalar ALPs. The laser light after the second magnet was
focussed by an optical lens on a Spectrum One LNs—cooled CCD detector from Instrument
SA, Inc. The CCD chip is composed by a 2D array of 1152 x 298 square pixels with a 26 um
size. Dark current and readout noise are given as 1 - 3 e~ /pixel/hour and 4 - 10 e~ rms/pixel.
The overall quantum efficiency, including the gain factor, is measured to 33.7 & 0.7%.

The data-taking was performed in August 2013. Each run consisted typically of nine frames
of recorded signal distribution on the CCD. The first three frames are taken during one minute
with strongly attenuated laser power and without the optical barrier to record the laser position
on the CCD, which defines the expected signal region and ensures the alignment of the experi-
mental setup. The laser power then is set to maximum and the optical barrier positioned for the
actual measurements. To receive as high as possible signal to noise ratio, with acceptable risk of
cosmic rays contamination of the region of interest, three consecutive frames were recorded with
exposure time of 2700s for each. The run ends by removing the optical barrier and recording
again the laser position on the CCD in three independent frames of one minute. Considering
conservatively only runs with very stable laser position on the CCD the whole collected data
amounts to integrated measuring time of 19.5h for pseudoscalar ALPs search and 26.25h for
scalar ALPs search. Background frames were also recorded with laser beam switched off.

3 Data Analysis

The laser-beam was focused on one pixel of the CCD. It however might show a tiny displacement,
owing to thermal or mechanical noise around the experimental installation. This was scrutinized
to avoid enlarging the area of the possible reconverted photons on the CCD, which degrades the
precision of the data analysis. No displacement was observed during the three consecutive one
minute recorded laser positions either before or after signal recording. Hence the signal region
is defined per run by the recorded laser positions before and after the signal exposure. If no
displacement is observed then the signal region is exactly one pixel wide. If the laser-position
before and after the signal recording are apart then the sensitive signal area is determined by
a linear interpolation in time. The runs with a displacement exceeding 2 pixels are discarded.
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The basic idea of the data analysis is to compare the recorded photon counts in the signal
region to the recorded photon counts outside this region, i.e. the background region not exhibited
to possible ALPs signals. The sensitivity of the experiment is determined by the width of the
distribution of these background counts, which thus must be first cleaned from contamination
by cosmic ray events and corrected for pos-
sible defect of flatness. An impact of cos- — T~
mic ray reveals itself as a series of contigu- ‘ R i

2501 4 [Heo
ous pixels with photon counts exceeding a 1 a0
. . . 2001 -
certain threshold in terms of standard devia- T 1120
. . . > o 2
tion. Cosmic ray events are removed in each g 1s0f =~ 1 1l0 3
a 5 o

data frame separately. A median filtered copy
is calculated, with fixed median-filter kernel
size of 8 x 8 pixels, for the purpose of replacing :
areas of hot pixels in the original data frame ok §E e
with its median filtered correspondents. The pixel x

signal region is explicitly excluded from this

procedure in order to preserve possible ALPs  Figure 2: Example frame after removal of the
signatures. The recorded frames also show  contamination by cosmic ray events. A wavelike

a wavelike structure evolving over the whole  gtrycture spread over whole chip reveals itself.
CCD chip, as displayed in Fig. 2, which was

confirmed to be inherent to the used CCD detector by recorded frames without laser beam. It
was important to correct this lack of flatness since it decreases the sensitivity of the experiment
by broadening the width of the distribution of the background counts. A filter technique based
on Fast-Fourier-Transformations (FFT) has been applied to each data frame individually. The
two dimensional FFT of the frame is created and the power spectrum |A(f,, f,)|? is calculated!.
A subset Q C { A(fs, fy) } of the frequency spectrum, subject to cause the wavelike structure
in the spatial domain is identified by comparing the amplitudes with an artificial amplitude
spectrum of pure gaussian white noise with same mean and standard deviation (Fig. 3 Left).
Q = {A(fo, fy) | |A(fz fy)|* > cutOff } where cutOff is defined as the highest amplitude occur-

105 T T T T T T T
=== cutOff
B real frame

F [ white noise

SR S R
10" 102 10° 10* 105 10 107 10° 10" 10" 0 200 400 600 800 1000
amplitude pixel x

Figure 3: Left: Comparison of the FFT amplitude spectrum of a real frame (blue) with gaussian
white noise (red). Right: Inverse transform into spatial domain of the subset  (see text).

11t is pointed out that the frequency spectrum of a real valued distribution is point symmetric to the origin
frequency A(0,0), which corresponds to the sum of all pixels in spatial domain. A(0,0) may represent the
average depending on the normalization convention of the FFT.
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ring in the white noise spectrum and is individually determined for each frame. The frequency
set {2 is then transformed back into spatial domain exposing the shape of the wavelike structure
(Fig. 3 Right) and is subtracted from the original data frame. Since the origin frequency A(0,0)
is per definition contained in €2, this procedure also results in the normalization of the data
frames in terms of setting their average pixel count to zero. To ensure that no possible ALPs
signal will be impacted by this procedure, an artificial 20 fake signal imposed to the signal
region of a dedicated copy of the frame is checked to be still present after the filtering.
The whole treatment, i.e. cosmic events
removal and defect of flatness correction, was 05 210"
tested on the background frames to which an best fit
artificial signal was imposed corresponding to 2.0 . dleaned backgound
— observed fake signal
ma = 10"* eV and gayy = 8.5+ 1078 GeV—1L. y
It has then been applied to all data-frames, )
corresponding to a specific laser polarization.
The distribution of the recorded photon count

T T T T

. . 05} _
in an example background region and also

. . . . 4 . :
the 1mposed Slgnal are'shown in Fig. 4. The T — i = L =4
counts in the signal regions are evaluated and cumulated counts

the resulting background distributions are fit-

ted by the sum of two gaussian functions with Figure 4: An example of background distribu-
gshar2ed parameter for th? mean value. Typ- tion obtained after cosmic events removal and
ical x*/n.d.f values resulting from the fitting qefect of flatness correction (blue) and signal

procedure are in the range of 0.8 to 1.5 doc-  ¢ounts (red) of beforehand imposed fake signal.
umenting a good parametric description.

4 Exclusion Limits

No excess of counts is detected in the signal region whatever the polarization of the photons,
parallel or perpendicular to the magnetic field. Exclusion limits on the ALP di-photon cou-
pling strength ga., and the ALP mass m4 were then derived via Eq. (1) & Eq. (2). The
95% confidence limits (C.L.) are based on the Bayesian inference with the likelihood function
B =1L Bi(nobs;”‘fi—];]) . ﬂ(‘fi—]:) and a flat prior m(dN/dt) for the signal parameter. The in-
dex 7 runs over the integer number of runs corresponding to a certain polarization state and
Bi(nobsgi|dd—1f) represents the background parametrization of the i-th frame including an addi-
tional poissonian signal contribution of expectation value dN/dt times the frames exposure time.
From the posterior distribution

for the signal parameter dN/dt PSEUDOSCALAR | SCALAR
the 95%CL limit on the re- dNQS%C.L./dt [HZ] 2.07 - 1073 2.14 - 1073
converted photon flux can be gzn%ao [Gev1] 571108 5.76- 108

set. Table 1 summarizes the

obtained values and the result-  Taple 1: 95%C.L. limit on flux of reconverted photons and re-

ing limit on ga,, for a vanish-  gyjting limit on di-photon coupling constant in massless limit.
ing ALP mass (m4 — 0). The

functional relation of Eq. (1)
leads to limits of ga,, in dependence of the ALP mass m4 as illustrated in Fig. 5 for the
scalar- and pseudoscalar search, where also results of the previous experiments are shown.
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Figure 5: Exclusion limits inferred from the pseudoscalar and scalar search in vacuum for the
present experiment compared to previous runs and the latest ALPS result in vacuum [7].

5 Conclusion

We have reported on the latest results obtained from a conservative analysis of the OSQAR
LSW experiment for ALPs search conducted in the year 2013. No signal was detected. The 95%
derived confidence limits exclude di-photon coupling strength above 5.7 - 1078 GeV~! in the
massless limit, giving the so far most stringest constraints on ALPs in LSW-type experiments.
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Production mechanisms and interaction properties of dark matter axions are investigated.
The decay of string-wall systems gives an additional contribution to the dark matter
abundance, which implies that the axion becomes dark matter in the high mass range
of O(107*-1072)eV. The structure of gravitational self-interactions of coherently oscillat-
ing axions is also evaluated, and it turns out that their self-interaction rate can be relevant
in their late time evolution.

1 Introduction

The axion [1, 2] is a hypothetical particle predicted by the Peccei-Quinn (PQ) mechanism as
a solution of the strong CP problem of quantum chromodynamics (QCD) [3, 4]. Since it has
tiny couplings with ordinary matter and it is highly non-relativistic at the time when it was
produced, it can be a good candidate of the cold dark matter of the universe. Identifying the
cosmological behavior of the dark matter axions is important not only to understand the early
history of the universe, but also to distinguish them from other dark matter candidates.

In this work, we investigate the production and evolution of the axions in the early universe.
For the cold dark matter axions, there are three major production mechanisms: One is the
misalignment mechanism [5, 6, 7], which induces the coherent oscillation of the axion field.
The second is the production from global strings [8], which occurs during the epoch between
the PQ phase transition and the QCD phase transition. The last one is the production from
the string-wall systems [9, 10], which occurs after the QCD phase transition. The latter two
become relevant only if the PQ symmetry is broken after inflation. In the following sections,
we first discuss the recent development on the estimation of the abundance of axions produced
from the string-wall systems. After that, we switch our attention to the evolution of axions,
and address the question whether they form a Bose-Einstein condensate (BEC).
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2 Axion production from topological defects

In the invisible axion models [11], we must introduce an additional SU(2); x U(1)y singlet
scalar field ®. Let us call this field the PQ field. This field is charged under the global U(1)pq
symmetry, which is spontaneously broken due to the potential of the form V(®) = 2 (|®|2—n?)2.
This occurs when the temperature of the universe becomes less than the scale 7, and at that
time the line-like objects called strings are formed. Then, the axion field a(z) can be identified
as the phase direction of the PQ field: ® = |®|e?*(®)/n,

The axion acquires a mass m,
due to the non-perturbative effect of
QCD when the temperature of the F,[GeV]
universe becomes T < O(1)GeV. 10° e 10° 10

We can model this effect by consid- :

<

ering the following potential for the 1, [eV] 5102 10° 10 10°
axion field: SN 1987A
22 : Axion CDM (Npw = 6
Via) = m%n <1 — CoS (NDwa>> ) : o (Now = 6)
Npw n
(1) : I Axion CDM (Npw = 1)

where Npw is an integer num-

ber called the domain wall number. Figure 1: The mass ranges where the QCD axion explains

There are Npw degenerate vacua, the cold dark matter for the models with Npw =1 (or-

and Npw domain walls are formed ange interval) and Npw = 6 (light blue interval).
around the boundary of different

vacua [12]. Since the field a is the
phase direction of ®, these domain
walls are attached to strings. We call such configurations the string-wall systems.

The subsequent history after the QCD phase transition is different according to the value
of the domain wall number. If Npw = 1, the string-wall systems are unstable, and they decay
immediately after the formation. On the other hand, if Npw > 1, they are stable and come to
overclose the universe, causing a problem in the standard cosmology [13]. This problem can be
avoided by introducing an explicit symmetry breaking term in the potential of the PQ field [12],
which induces the annihilation of domain walls at a late time.

We investigate these scenarios based on the lattice simulations of the PQ field. The simula-
tions are executed by solving the classical field equation of ® in the expanding universe. Using
the results of the simulations, we estimate the spectrum of axions radiated from the string-wall
systems. In the models with Npw = 1, the inclusion of the wall decay contribution [9] leads to
the upper bound on the axion decay constant F, < (4.2-6.5) x 10'°GeV [14], which corresponds
to the lower bound on the axion mass: m, > (0.9-1.4) x 10~%eV. The constraint becomes more
severe for the models with Npw > 1, but there still exists a loophole if we allow a mild tuning
of a theoretical parameter [10]. We note that there is a large systematic uncertainty on the
determination of the lifetime of the domain walls in the models with Npw > 1 [15]. This kind
of uncertainty is not reduced straightforwardly even in the recent numerical simulations with
improved dynamical ranges [14].

In Fig. 1, we show the parameter range in which the axion can be dominant component of
the cold dark matter for the models with Npw = 1 and Npw = 6. Here, we also show the
lower bound on the axion decay constant F, > 4 x 108GeV obtained from the observation of
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the supernova (SN) 1987A [16]. Since the decay of the string-wall systems amplifies the energy
density of dark matter axions, they explain the cold dark matter in the higher mass range
[ma =~ O(1074-1072)eV]. More extensive studies will be required to reduce the uncertainties
of these theoretical predictions.

3 Evolution of axion dark matter in the condensed regime

Next, let us turn our attention to the evolution of the cold dark matter axions. Although
their mass is as small as O(107%-1072)eV, they have an extremely small velocity dispersion
because of the non-thermal production mechanisms. The smallness of the velocity dispersion
implies that they have a large occupation number in the phase space. Regarding this fact,
the authors of Refs. [17, 18] claimed that the axions exist in the form of a BEC. The point in
Ref. [18] was that the BEC is defined in the thermal equilibrium state and that the system of
dark matter axions can reach the thermal equilibrium due to the gravitational self-interactions.
This phenomenon might lead to some observable signatures such as effects on the phase space
structure of galactic halos [19] and those on the cosmological parameters [20].

Our aim here is to discuss the above issues more carefully. At this stage, we just expect that
the system of dark matter axions develops toward the thermal equilibrium when the transition
rate I' between different momentum states exceeds the cosmic expansion rate H. The rate I’
can be estimated in terms of the time derivative of the expectation value of the operator N,
corresponding to the occupation number of axions with the three-momentum p. As a result of
the calculation in the second quantized field theory, we obtain the following expression [21]:

2
4rGmin,

T p? ?

where G is the Newton’s constant, n, is the number density of axions, and dp is their typical
momentum dispersion. This rate indeed exceeds the expansion rate when the temperature
of the universe becomes T' ~ keV [18, 21]. Although the above result was obtained for the
Newtonian approximation for the gravitational interactions, we can obtain the similar result
when we take account of the general relativistic corrections [22].

We note that the estimation given by Eq. (2) holds only if the initial state is given by the
coherent state [21]. With the assumption that the axion field produced by the misalignment
mechanism is described as the coherent state, we conclude that the gravitational self-interaction
is relevant only for the misalignment axions. This result implies that the misalignment axions
evolve differently from those produced by strings and domain walls, and it will be important
to see how this difference affects the dynamics of Large Scale Structure [23].

4 Summary

We have investigated the production and evolution of axions in the early universe. Their total
abundance is given by the sum of three contributions: axions produced from the misalignment
mechanism, the decay of strings, and the decay of string-wall systems. We showed that the
contribution from the decay of string-wall systems can be considerable and that the axion can be
responsible for dark matter in the high mass range. We also showed that the gravitational self-
interaction of the misalignment axions becomes relevant in their late time evolution. Further
studies are needed to evaluate the observational consequences of these results.
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We present a brand new quantitative test of the degree of transparency of the Universe
to gamma rays, confronting existing models of pair production on the extragalactic back-
ground light with observational data. We discuss this result in the context of various
scenarios of photon mixing with axion-like particles.

In this note, written along the lines of a poster presented at the Patras workshop and
based on Ref. [1], we give a proof that the so-called “infrared-TeV crisis” is back: gamma-
ray observations of distant blazars indicate that the Universe is much more transparent for
energetic photons than suggested by the lowest-absorbtion models. Indeed, energetic gamma
rays scatter on soft background radiation when propagating through the Universe, producing
electron-positron pairs [2]. Gamma rays with energies between 100 GeV and a few TeV interact
mostly with infrared background photons whose amount is poorly known experimentally but
safely constrained from below by account of the contribution of observed light from known
galaxies [3]. The expected opacity of the intergalactic space limits the mean free path of TeV
gamma rays to dozens of Megaparsecs. However, TeV photons from numerous more distant
sources have been detected [4]. One does not know what flux was emitted in the source, so the
observation of photons may be made consistent with strong absorbtion if the emitted spectrum
breaks upwards at high energies. This interpretation works in every particular case, though
it requires presently unknown mechanisms to work in the sources [5]. Here we show that this
interpretation is not supported by the analysis of the ensemble of all observed sources. In the
frameworks of an infrared-background model with the lowest opacity [6], we reconstruct the
emitted spectra of distant blazars and find that upward spectral breaks appear precisely at
those energies where absorption effects are essential. Since these energies are very different
for similar sources located at various distances, we conclude that the breaks are nothing but
artefacts of the incorrect account of absorption and, therefore, the opacity of the Universe for
gamma rays is overestimated even in the most conservative model. This implies that some novel
physical or astrophysical phenomena should affect long-distance propagation of gamma rays.

All observed distant sources are blazars, that is belong to a certain class of active galactic
nuclei whose relativistic jets point to the observer. While the mechanism of high-energy emission
of blazars is disputable, the bulk of their spectral energy distribution is well studied. The overall
shape of the distribution is to a large extent determined by the energy scale of the electron
population. One often distinguishes two large classes of blazars, namely flat-spectrum radio
quasars (FSRQs) with the synchrotron peak in the radio to infrared and BL Lac type objects
(BLLs) with the peak in optical to X-ray bands. However, deabsorbed spectra of distant
blazars often exhibit high-energy hardening which is not seen in nearby objects. Even a visual
inspection of the deabsorbed blazar spectra leads to a conclusion that both the position and
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Figure 1: (a). Example of two spectra with breaks: 3C 279 (redshift z = 0.536, large points)
and PKS J0730-1141 (redshift z = 1.591, small points). Grey points represent the observed
spectrum, dark points are corrected for the EBL absorption with the most conservative model.
(b). Positions of individual significant upward breaks versus redshift z. The line represents the
energy Fy(z) at which the optical depth with respect to the pair production 7 = 1.

the strength of the spectral hardening differ for similar blazars located at different distances,
see Fig. 1(a) for an example.

We consider a sample of blazars, located at various distances but with fluxes measured
beyond the energies where absorption on EBL is significant, compiled from published data of
atmospheric Cerenkov telescopes by making use of the TeVCat catalog [4] and supplemented
with a set of more distant objects observed by Fermi. For each of the objects in the sample,
we construct a deabsorbed spectrum.

First, we fit each spectrum with a power law and, independently, with two power laws with
a break, keeping the break position arbitrary. We select these (few) objects for which the fit
with a break is better than without it and the break corresponds to a spectral hardening (it
is not so for a few nearby sources). Then we compare the break positions with the values of
energy at which the absorption is expected to be significant (namely, with the energy Eq for
which the optical depth due to pair production 7 = 1). The results are shown in Fig. 1(b),
where we plot the positions of these significant upward breaks versus the redshift z. The break
positions are statistically consistent with £ = Ey. A further test of this relation constitutes
the main part of our study and results in our principal conclusion.

We assume that the position of the break is fixed at E = Ej and study how the strength
of the break, determined as the difference AI' between power-law indices below and above
the break, depends on z. In this approach, we use the information from all sources, even
if their individual breaks are not statistically significant. The results are presented in Fig. 2,
together with the best-fit approximation. The absence of distance-dependent spectral hardening
is excluded at the 12.4 standard deviations (12.40) level. This gives a serious argument in favour
of the hypothesis that the upward breaks in deabsorbed blazar spectra are unphysical and are
caused by incorrect account of absorbtion. Potential systematic errors and statistical biases are
discussed in Ref. [1]; it is unlikely that they might affect our result.

Among previous studies of gamma-ray blazars in the context of the EBL opacity, two groups
went beyond the discussion of individual objects and used a sample, like we do here. The first
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one is the Fermi LAT collaboration [9] which 10
discovered a spectrum suppression by com-
parison of stacked BLL spectra grouped in

large redshift bins, interpreted as the effect of 5
the EBL absorption. This result does not ex-
clude the opacity below the lowest model and
even favours it for high energies, cf. Fig. 1
of Ref. [9]. Horns and Meyer [10] concen-
trated on the sample of blazars detected at
very large optical depths, 7 > 2, and found
a 4-sigma evidence for the pair-production
anomaly which lead them to conclusions sim-
ilar to ours. The differences of our approach

from Ref. [10] are in the choice of the sample, — ~%s Z10 05 0.0 05
in the use of simultaneous data only and in log(2)

the method of the analyzis. They also did not

take into account the shift of the mean energy Figure 2: Value AT of the break in the spectrum
in the bin in the deabsorbed versus observed deabsorbed with the most conservative model,

spectrum, important at large opacities. assumed to happen at £ = Ej, versus redshift
z. The line gives the best fit; its slope is non-
zero at the 120 significance.

Al
o

How to explain the fact that the most con-
servative EBL model is likely to overestimate
the absorption? The probability of the pair-
production process cannot be questioned: it is calculated in quantum electrodynamics at the
center-of-mass energies where no unknown effects are expected to contribute, and has been
measured experimentally. The downward change in the amount of target photons is hardly
acceptable because the EBL model we use is already saturated by lower limits of Ref. [3]. One
should consider new processes which affect the observed photon flux and are not accounted
for in the absorption model which takes into account pair production only. Several models
of this kind have been suggested; they invoke either new physical processes or very unusual
astrophysical assumptions.

Two quite different scenarios invoke similar extensions of the particle-physics Standard
model, the so-called axion-like particles (ALPs; see Ref. [11] for a review and a list of ref-
erences). In external magnetic fields, these particles may convert to photons and vice versae.
Applied to our problem, this conversion may happen [12] in intergalactic magnetic fields pro-
vided they are sufficiently strong (> 1072 G). In this regime, VHE photons convert to ALPs
and back during propagation in a way similar to neutrino oscillations. In a rough approxima-
tion and for the maximal possible photon/ALP mixing, the path becomes longer by a factor of
~ 3/2. Assuming this in our analysis, we obtain the reduction in significance of the distance
dependence of breaks from ~ 120 to ~ 60 which suggests that this scenario may not explain
the entire observed effect, though a detailed analyzis is required for a firm conclusion.

In the second scenario, intergalactic magnetic fields are assumed to be weaker, < 10710 G,
and therefore insufficient for the photon/ALP transitions which may happen instead in the
regions of stronger field around both the source and the observer. The conversion may happen
on magnetic fields of galaxies [13], galaxy clusters or superclusters [14]. A rough account of this
mechanism in our study reduces the effect to ~ 20 thus making it insignificant. We conclude
that our result may be explained in this scenario.

The third option [15] does not require new physics beyond the Standard Model; however,
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it invokes some non-conventional astrophysical assumptions. In this approach, a competitive
source of VHE photon production along the path from the source to the observer feeds the
photon flux which is, in parallel, absorbed in the usual way. These additional photons may be
created in interactions of ultra-high-energy cosmic protons, which are assumed, in this model,
to be produced in the very same source, with the background radiation. It is not possible to
perform a simple rough test of this model in our study because this scenario is necessarily based
on rather arbitrary parameters of the hypothetical proton flux. This scenario requires very low
values of the intergalactic magnetic fields, < 107'* G, otherwise charged particles would be
deflected and secondary photons would not point back to the source.

While detailed tests of these scenarios versus our results will be presented elsewhere, our
preliminary considerations thus favour the ALP convertion/reconvertion scenario [13, 14] for
the explanation of the effect we observe.
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We have studied the time series of full disk integrated soft X-ray emission from the solar
corona during January 2004 to December 2008, covering the entire descending phase of
solar cycle 23 from a global point of view. We employ the daily X-ray index (DXI) derived
from 1s cadence X-ray observations from the Si detector of “Solar X-ray Spectrometer
(SOXS)” mission in four different energy bands ranging between 6 — 25 KeV. The daily
time series is subjected to power spectrum analysis after appropriate correction for noise.
Lomb-Scargle periodogram technique has shown prominent periods of ~ 13.5 days, ~ 27
days, and near Rieger period of ~ 181 days and ~ 1.24 years in all energy bands. Further
to this, other periods like ~ 31, ~ 48, ~ 57, ~ 76, ~ 96, ~ 130, ~ 227 and ~ 303 days
are also detected in different energy bands. We discuss our results in the light of previous
observations and existing numerical models.

1 Introduction

Solar activity as a whole is known to exhibit a wide range of periodicities on different time
scales ranging from minutes to centuries. As long-term periodicity, the Sun exhibits the ~ 11yr
sunspot cycle (Schwabe cycle) and for short-term variations, the near 27 day periodicity is
the most prominent. The former is related to the polarity reversal of solar magnetic field and
the latter reflects the modulation imposed on the solar flux at the Earth by solar rotation.
The regime between these extremes of time-scales (between 27 day and 11 year) is called the
“mid-range” or “intermediate-term” periodicities. Studies of short and mid-term variations in
solar activity and their solar-cycle dependence may help to achieve a better understanding of
the basic processes of solar activity cycle, dynamics and mechanisms of generation of the solar
magnetic field and for predicting the level of solar activity [2, 11, 12], and hence the variation
in space weather. The helioseismic probing of the solar interior using SOHO/MDI data has
shown that the rotation rate of the Sun near the base of its convective zone changes with a
period of roughly 1.3 years [7]. The 1.3yr periodicity has also been detected in variations of the
interplanetary magnetic field and geomagnetic activity [13, 14] in the variation of photospheric
magnetic flux [11] and in the solar wind speed [16]. In this context, investigation of ~ 1.3yr
periodicity in the solar corona would strengthen or weaken the case for associated changes in
the layers harbouring the dynamo as well as may enable to understand any connection between
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convective zone and the corona.

The structure and evolution of the solar magnetic field is believed to be produced by a
magneto-hydro-dynamic (MHD) dynamo operating inside the Suns convection zone [4], which
induces various solar activities that exhibit periodic variations on different time scales. We
consider that any fluctuation in the dynamo process will manifest itself most clearly in relatively
freshly emerged flux [12], whose signatures could be visible in the solar corona when viewed
in the X-ray waveband. The X-ray intensity of the solar corona, however, varies as a function
of emerging flux, sunspots, and flares etc, which are changing over 11-year sunspot cycle. The
X-ray corona refers to different plasma temperature and density for different solar features,
observed in different X-ray energy bands [8]. In this investigation, for this purpose, we exploit
the ”Solar X-ray Spectrometer (SOXS)” data [9, 10] for the period of January 2004 to December
2008, declining phase of sunspot cycle 23.

2 The Data

We employ the observations from the “Solar X-ray Spectrometer (SOXS): Low Energy Detector
(SLD)” mission for current investigation (http://www.prl.res.in/ soxs-data/).

3 Analysis techniques

The daily variation of coronal X-ray emission recorded as DXI data sets was analyzed by the
LombScargle method by calculating the Scargle normalized periodogram Py (w) [17].

4 Results

During 2004 to 2006, we find ~four sharp peaks in both soft X-rays in consistence to [3] who
reported a high flare activity in the early descending phase of cycle 23. The application of
Lomb-Scargle periodogram technique on the time series of (DXI) observed by Si detector in
6—7,7—10, 10 — 20 and 4 — 25 KeV, energy bands reveals several short and intermediate
term periodicities of the X-ray corona. The Si detectors explicitly show the most prominent
periods of ~ 27 days related to prominent solar rotation, 13 — 14 days related to 1800 oppositely
directed active longitudes [6] or hotspots [1], and Rieger type period of ~ 181 days proposed to
be related to the change in the rotation rate of the Sun near the base of its convective zone [12].
We report the 1.24-year period detected for the first time in the X-ray emission form the solar
corona in wide energy band during the declining phase of sunspot cycle 23. We further propose
that variation in the solar rotation below techocline due to tensional oscillations [5] manifests
to up flowing magnetic flux to corona with variety of periods to cause the solar activity as seen
by us in the various X-ray energy bands. Further, we have observed significant power at ~ 31
days periodicity in all energy bands, which, however, becomes stronger with increasing energy.
Perhaps this may be related to solar activity at higher latitudes.
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4 —25keV bands of SOXS Si detector for the period from 1 January 2004 to 31 December 2008.
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Figure 2: Lomb - Scargle periodogram of the DXI data from the Si detector for 2004 - 2008.
(a) 10 — 20keV, (b) 7 — 10keV, (c) 6 — TkeV, (d) 4 — 25keV.

5 Discussions and Conclusion

The results presented in section 4 refer to the first investigation of short and intermediate-term
oscillations revealing the occurrence rate in the daily X- Ray index (DXI) that obtained from
1s cadence observations made by the Si detectors of the SOXS mission from 1 January 2004
to 31 December 2008 covering the descending phase of solar cycle 23. However, the detection
of 1.24 year periodicity in the X-ray corona suggests coupling of this outermost layer with the
rotation of the innermost core. It is generally suggested that the 1.24 — 1.3 year periodicity
is associated with variation in equatorial speed of the rotation in the convective zone, which
is in anti-phase with an oscillation in the corresponding speed of rotation of the core, on the
other side of the tachocline. However, our current discovery of 1.24-yr periodicity from solar
coronal X-ray emission suggests that variation in equatorial speed of the solar rotation beneath
convective zone and perhaps at the core level is also manifested in the coronal plasma, and
suggests exploring the physical processes that couple the core to corona.

The other prominent periodicities seen in our dataset are ~ 13.5 and 27 days. The 13.5
days periodicity is a result of 180° oppositively directed longitudes as many scientists have
also shown earlier. On the other hand, 27 day periodicity refers to the solar rotation, which is
most prominent due to all the active centers or exciters hotspot are very close to the equator
particularly during the declining phase of the solar cycle. Our results endorse earlier conclusion
of [15] that this periodicity arises because active regions and their magnetic field are better
organized and are long lived during the maximum and declining portion of the solar cycle than
its rising portion. Our discovery of 31 days periodicity though not prominent but observed
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in all the energy bands suggests that many sunspot regions did not approach close to equator
during declining phase of cycle 23. This indicates that the length of the declining phase of cycle
23 should be longer which is in agreement to sunspot observations that report decay phase to
be ~ 8 years.

The present investigation reveals the prominent existence of a near 26 day periodicity (with
13.5 day period as sub harmonic) and a similar kind of period has been reported in the pho-
tospheric magnetic-field evolution. This is important because it represents a link among the
sub-photospheric magnetic field evolution, coronal activity, and the loss of magnetic flux through
coronal X-ray emission. In conclusion, after studying the periodic behavior of coronal X-ray
emission data during descending phase of cycle 23, we have detected a number of short and
inter-mediate term oscillations which are consistent with several other studies during cycle 23.
In particular, we found that the group of peaks ranges from 26 — 41 day period may be due
to a single quasi-periodic process that is shifting in frequency through the cycle. It is possible
that, this intermittent behavior may be due to a random process of magnetic flux emergence
through the photosphere. We assume that magnetic Rossby type waves are responsible for this
short and mid-term periods.

The present investigation suggests a scenario of emergence and escape of magnetic flux from
the solar convection zone to the interplanetary medium through the photosphere and corona.
Therefore we may conclude that X-ray emission from the corona is one of the most important
solar parameters crucial to probe the Sun Earth coupling and terrestrial climate. However,
more observations and theoretical investigations on the dynamics of the solar interior, corona,
flare producing active regions and mechanism of the Rossby type waves within solar atmosphere
may shed new light on the origin of these short and intermediate-term periodicities.Along with
it we should be careful about the gravitational lensing effect by the planets as they revolve with
a constant orbital period around the Sun.
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An X-ray detector based on the combination of an integrated Micromegas stage with a
pixel chip has been built in order to be installed at the CERN Axion Solar Telescope.
Due to its high granularity and spatial resolution this detector allows for a topological
background suppression along with a detection threshold below 1keV.

Tests at the CAST Detector Lab show the detector’s ability to detect X-ray photons down
to an energy as low as 277eV. The first background data taken after the installation at
the CAST experiment underline the detector’s performance with an average background
rate of 5 x 107° /keV/cm? /s between 2 and 10keV when using a lead shielding.

1 InGrid - An integrated Micromegas stage

To enhance the performance of Micromegas detectors, it is necessary to match the granularity
of the readout to the highly granular gas amplification stage. Taking into account the rising
number of readout channels per area when following this approach, a pad based readout is
impractical. This drawback can be bypassed by using integrated electronics in form of a pixel
chip, e.g. the Timepix ASIC [1]. This pixel chip offers 256 x 256 pixels with a pixel pitch of
55um and thus an active area of 2cm?. Each of the pixels contains a charge sensitive amplifier
and a discriminator plus complete counting logic needed for time or charge measurements.

In order to achieve a precise alignment between the mesh holes and the pixels, to avoid the
appearance of Moiré patterns, it is suitable to produce the Micromegas mesh directly on top
of the pixel chip by means of photolithographic postproceesing technologies [2, 3]. A scanning
electron microscope picture of the resulting structure can be seen in Figure la. When building
such an Integrated Grid on top of a Timepix ASIC a resistive layer made of 4 ym silicon nitride
is deposited between ASIC and InGrid to protect the chip and its electronics from discharges
occurring during operation of the Micromegas stage [4].

2 The InGrid based X-ray Detector

The InGrid based X-ray detector constructed at Bonn uses a Timepix ASIC with an InGrid
stage as central charge multiplication and readout device. The design of the detector (see
Figure 1lc for an exploded view) has been based on the recent Micromegas detectors [5] used
at the Sunset stations of the CERN Axion Solar Telescope [6]. The detector body is made of
acrylic glass and contains the modular readout assembly which houses the Timepix ASIC, with
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Figure 1: Scanning electron microscope picture of an InGrid structure (a), taken from [7]. Event
display showing an X-ray photon of 5.9keV from an ®°Fe source as recorded with the InGrid
based X-ray detector (b), depicted area shows the complete active area of the Timepix ASIC.
Z-axis shows the charge collected on each pixel. An exploded view of the detector, with main
parts labeled, is shown in (c). Drawing is taken from [8].

the InGrid stage, mounted on a small carrier board. The chip is covered by a field shaping
electrode, closing the readout assembly. The electrode features a cutout matching the size
of the chip’s active area and is leveled a bit above the mesh of the InGrid structure and set
to the electric potential according to its position within the drift field. This helps to reduce
electric field distortions arising at the chip’s borders and the wire bonds connecting the chip’s
electronics to the underlying carrier board.

The drift volume featuring a drift distance of 3 cm at a drift field of 500 V/cm is closed by
a cathode plate made of copper. To allow especially low energy X-ray photons to enter the
detector, a 2 pm thick aluminized Mylar film is used as entrance window. The material of the
cathode plate above the instrumented area of the detector has therefore been removed except
for a small grid like structure to support the thin window. The support for the window is
necessary as it has to withstand a pressure difference of 1050 mbar. Additionally only a small
leak rate is allowed so the detector can be operated connected to vacuum. Considering these
requirements the choice of a 2 pym Mylar film represents a good compromise between robustness
and transparency.

Readout of the Timepix ASIC is done with an FPGA based readout system developed at
Bonn [7] which allows for full access to firm- and software for customization. The detector is
filled with a gas mixture composed of 97.7 % Argon and 2.3 % isobutane as quencher gas.

The detection of X-rays with this detector is based on the fact that X-rays entering the
detector will hit a gas atom and produce a bunch of primary electrons through ionization.
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These will drift towards the readout. The initial bunch of electrons is spread to a cloud of
approximately circular shape due to diffusion. Then they get multiplied in the InGrid stage and
are afterwards detected on the Timepix’s pixels. This allows for a low X-ray energy threshold
along with a topological background suppression by application of an event shape analysis. A
typical X-ray event recorded with the detector is depicted in Figure 1b.

3 Installation & first background rates

To replace the pnCCD detector behind the X-ray telescope [9] at one of the four detector
stations of CAST, a vacuum system has been constructed and built which allows for differential
pumping and provides the necessary safety interlocks. For the differential pumping a 0.9 pm
thick Mylar window is used. In April and May of 2014 the vacuum system and the InGrid
based detector were installed including a laser guided alignment with the X-ray telescope. A
lead shielding designed and manufactured by our colleagues from the University of Zaragoza
was added mid of May. In two months of operation no detector related problems occurred.

Prior to the installation, the detector was characterized at the X-ray generator of the CAST
Detector Lab which provides a complete vacuum beamline connected to the X-ray generator [10].
With the appropriate combination of targets of the X-ray tube and filters, characteristic X-ray
lines can be produced in the energy range from a few hundred eV up to 8keV. Additionally
the lab provides the necessary infrastructure for operating Micromegas detectors. The lab tests
underlined the detector’s low energy threshold through successful detection of photons down to
the Carbon K, line at 277V (see Figure 2a for the spectrum containing the Carbon K, line).

To achieve a low background rate a background discrimination routine was created, based
on a likelihood algorithm and reference data sets for different energy ranges recorded during
the tests in the CAST Detector Lab. The applied likelihood method utilizes event shape prop-
erties making benefit of the Timepix ASIC’s high spatial resolution resulting in a topological
background suppression to identify real X-ray photons in the recorded data. The energy of a
recorded event is calculated via a calibration curve from the total charge of an event. To built
the likelihood, event shape properties of this event are being compared to the corresponding
distributions for events of similar energy. These sample distributions are obtained from the lab
tests’ data. The likelihood cut value is adjusted for each energy range so that a signal efficiency
of roughly 90 % is kept over all energies. The background rates achieved during first operation
period were in the order of a few 1075 /keV/cm?/s, occurring peaks could be explained by
the characteristic fluorescence line of the copper cathode and misidentified cosmic rays travers-
ing the detector perpendicular to the chip and therefore resulting in an X-ray like, circular,
structure.

4 Summary

A gaseous detector based on the combination of a pixel chip and an integrated Micromegas
stage has been successfully built and commissioned. The detector was installed at the CAST
experiment along with its infrastructure and has up to now been successfully operated. First
background rates achieved in the CAST environment look promising and are in agreement with
the results obtained with a first prototype in the lab at Bonn [11]. Together with the mea-
surements carried out at an X-ray generator facility which provided proof of the detector’s low
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Figure 2: Spectrum showing the Carbon K, line at 277 eV together with the Aluminum K, and
the Silver L, line at 1486 eV and 2984 eV respectively (a). Lines have been recorded separately.
Number of pixels corresponds to the number of electrons in the charge cloud created by the
initial X-ray photon which is proportional to the photon’s energy. First background spectra
obtained with and without lead shielding in the CAST environment (b).

energy detection threshold of a few hundred eV, the detector’s performance could be underlined
and demonstrated.

Further improvement to the background discrimination algorithm will be done as well as
future detector upgrades, which should include a decoupling and recording of the signal induced
on the mesh, as it is done for the CAST Micromegas detectors. The latter one should give access
to further event properties to be utilized for background suppression.
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Ubiquitous ultra-light scalar fields may make a partial contribution to the dark matter
and affect the large scale structure of the Universe. While their properties are heavily
model dependent, we develop a model-independent analysis to forecast the constraints
on their mass and abundance using futuristic 21 cm observation as well as CMB lensing
measurements. We demonstrate that the 21 cm power spectrum are most sensitive to the
ultra-light dark matter with mass m ~ 1072% eV for which the precision attainable on
mass and abundance bounds can be of the order of a few percent.

1 Introduction

The existence of light scalar fields has been explored from both particle phenomenology and
cosmological aspects. As an astrophysical example, the ultra-light particles (ULPs) with mass
of the order of the current Hubble scale Hy ~ 2 x 10733 eV ! may contribute to a small fraction
of the total matter in our Universe. Those ultra-light scalar fields can have an imprint on the
matter power spectrum due to free-streaming, similar to that due to massive neutrinos. Since
the range of possible mass is wide, so is the range of the suppression scale in the matter power
spectrum. In this proceeding paper, we forecast cosmological constraints on two free parameters
of the ULPs, their mass and abundance, with CMB lensing and futuristic 21 ¢m observations.
We aim to clarify the range of the mass and abundance of ULPs which 21 cm observations will
be most sensitive to.

In what follows, §2 outlines the effect of the ULPs on the matter power spectrum. §3 gives
a brief review of the Fisher forecast formalism, followed by the results in §4. The main results

IThroughout this paper, the mass is in units of Hg ~ 2 x 10733 eV.
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Figure 1: (Left) The evolution of perturbations for ULPs (m, = 10°Hy, f, = 0.05) and for
CDM only. (Right) The ratio of the power spectrum P(k) with ULPs (f, = 0.05) to that with
CDM only. Figures are reused from [1].

of this proceeding have been published in [1].

2 Suppression in the Matter Power Spectrum

272
CS

For the leading order perturbation equation, &y, + 2H6), + ( a]; — 47erm) 0 = 0, there exists
a gravitationally stable solution for short wave-length mode k > k; and an unstable (growing)
one for k < kj, with the Jeans wave number kj = (a/cs)\/47Gpp,. For the ULPs, its effective
sound speed is ¢s &~ k/2mya for a > k/2m,,, and ¢s = 1 below the Compton scale a < k/2m,,,
where m,, is the ULP mass [2, 3]. Therefore, k;(a) = 2a(nGpp, (a))l/‘*rml/2 for a > k/2m,,. We
consider scenarios in this paper where the ULP behaves like dark energy due to the large Hubble
friction for H > m,, and starts oscillations like dark matter, once H < m,. We implement
ULPs into CAMB [4] accordingly. The evolution of the ULP fluctuations §,, = 0p,,/py is shown
in the left panel of Fig. 1 for the ULP mass and fraction m, = 10°Hy, f, = Qu/Q = 0.05.
The fluctuations d(k) cannot grow when they behave like a cosmological constant and can
start growing once the ULPs start to oscillate. The perturbation growth however is suppressed
inside the Jeans scale and the perturbation growth has to wait till it goes outside the Jeans
scale for a large enough value of a. We also plotted the CDM perturbation evolution which
illustrates that the ULP perturbations can catch up with the CDM perturbations for small £ but
not for large k, analogously to the well-known behavior of the baryon perturbation evolution.
The nonlinearity becomes important when k3 P(k)/(27%) becomes of order unity. We estimate
that m, ~ 10°H, leads to the oscillation starting around the matter-radiation equality epoch
Zose ~ 3200(~ ze4). For the modes which enter the horizon during matter domination, the
suppression in the matter power spectrum starts around the scale corresponding to the Jeans
scale when the ULP starts oscillating k& ~ (Hgﬂm)l/ ° mil/ 2, Similarly, when the oscillations
start during radiation domination, the suppression is expected to occur for scales smaller than
the Jeans scale at matter-radiation equality k ~ (mﬁHngaeq)l/ 4. The suppression scales for
different masses are illustrated in the right panel of Fig. 1 which shows the transfer function
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T%(k) = P(k)urps/P(k)no uLps representing the ratio of the power spectrum including the
ULPs to that without ULPs. We are particularly interested in the ULP masses which affect the
matter power at the 21 cm-observable scales of 0.055 < k < 0.15 Mpc~!. We can see that the
baryon acoustic oscillation effects are more prominent in the nonlinear matter power spectrum
than in the linear one and m, ~ 107 Hy lets the suppression start right in the 21 cm observable
range.

3 Forecast Formalism

To forecast the constraints on the cosmological parameters including those relevant to the ULPs,
we perform the Fisher likelihood analysis for future 21 cm experiments. We also use the CMB
observables including CMB lensing which help remove the parameter degeneracies that the
21 cm signals would otherwise suffer from. We briefly outline the formalism of the likelihood
analysis here, and present the results in the next section.

The 21 c¢m radiation comes from the atomic transition between the two hyperfine levels of
the hydrogen 1s ground state. In the linear regime, the power spectrum of 21 cm brightness

—2
temperature fluctuations can be written as Par(k, z) = 6Ty T3, (b, (2) + pi)* Pss(k, z), where

gﬁ(z) = (23.88mK) (%f’él;) \/ Qomlfz Ltz Here we consider z < 10 when the spin temperature
Ts > Toyp. We define the neutral and ionized density bias, by, (z) and by, (2), as by, =
Spr, (K)/0p(K), bty = 6pyy,, (K)/0p(K). They are related by by, = (1 —ZTp,,bu,,)/Tu,. We use
the excursion set model of reionization [5] to obtain the fiducial values of ionized density bias
bu,,(z) and the mean ionized fraction Ty,,(z). The Fisher matrix for 21 cm power spectrum

measurements is [6, 7] FZi" =3, 5 P B (apgja(“)) (apgjﬁ“‘)), where {p, } represents the

free parameters in our model. We assume a logarithmic pixelization du, /u, = duH/u” = 0.1.
The error in power spectrum measurement is § Par(u) = [Par(u)+ Py (uy)]/v/Ne, where N, =
uy duy du QB /(27?) is the number of independent modes in each pixel (€2 is a field of view solid
angle and B is the bandwidth of a redshift bin). Py is the noise power spectrum Py(u,,z) =
(ATsys/Ac)?/(ton(uy)), where Tyys ~ (280K)[(1 + 2)/7.4]%3 is the system temperature [8], A,
is the effective collecting area of each antenna tile, and ¢y is the total observation time. We
assume an Omniscope-like instrument [9] consisting of a million 1lm x 1m dipole antennae
with a field of view of 27 steradians and we assume ¢ty = 4000 hours for each redshift bin
of bandwidth B = 6MHz. We also assume the residual foregrounds can be neglected for
kj > kjmin = 27/(yB) [6], and the minimum baseline L,in sets ki min = 27 Liin/(Ada)
(for example, for an Omniscope-like array, Kmin ~ k| min = 0.055 Mpc™! at z = 10.1). We

conservatively restrict our studies to large scale k < 0.15Mpc~ ' for the sake of the linear
treatment of 21 cm observables, to avoid any scale-dependent bias at the nonlinear regime and
the nonlinear effects due to reionization patchiness at the scale of the typical size of ionized
regions [10].

The CMB can also be affected by light dark matter through the change in matter-radiation
equality and also via the Sachs-Wolfe effect. The CMB is also helpful in removing the degenera-
cies among the cosmological parameters. The CMB lensing is in particular helpful in removing
the so-called geometric degeneracy which the primary CMB observables would otherwise suffer
from. We consider the CMB observables T, E, d which represent the CMB temperature, polar-
ization and CMB deflection angle respectively. We assume the Planck-like specifications [11]
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Figure 2: 1o errors in f, (left) and m, (right) for several fiducial values of m, in units of
Hy ~ 2 x 10733 eV, with fiducial value f, = 0.05. Figures are reused from [1].

including the CMB lensing measurements covering up to the multipole l,,,,, = 2500, three chan-
nels 100, 143,217 GHz and the sky coverage fqi, = 0.65. The Fisher matrix for CMB lensing is

FO%MB = Zﬁ:;m MTT[C,Q C~1C,5 C7!], where ,, refers to the partial derivative with
respect to a cosmological parameter p,, and C is the covariance matrix. We assume the noise
in the auto-correlation spectra is dominated by detector noise represented by the photon shot
noise [12, 13], and the CMB lensing statistical noise is estimated using the optimal quadratic
estimator method of Hu & Okamoto [14, 15]. The total Fisher matrix was obtained by adding
the 21 cm and CMB Fisher matrix F' ~ F2tm + FCMB_The modified version of the CAMB [4]
was used to obtain the CMB and matter power spectra where the ultra-light fluid component

was implemented in the Boltzmann equations.

4 Results

We vary 12 parameters in our Fisher analysis Qx, Q,,h2, Qph?, ng, As (scalar amplitude), 7
(reionization optical depth), Neyrs (the effective number of relativistic neutrino species), m,
(mass of ULPs), f,, (ratio of ULP abundance to total matter), f, (ratio of neutrino abundance
to total matter), 2, (z) (mean neutral fraction at redshift z), by,,(z) (H II density bias at
redshift z). For the fiducial models, unless stated otherwise, we use zy, = 0.5 at the redshift
bin of z = 10.10 and by,, = 5.43 obtained by the excursion set model of reionization [5], and
the power spectrum up to the scale ke = 0.15Mpe ™! was used.

Our main results are summarized in Fig. 2 which shows the 1o uncertainties in the ULP
parameters for several representative ULP masses for f, = 0.05. The 1o errors on the ULP
parameters f,,m, can be of order a few percent for the mass range, around m, ~ 107 Hy, to
which the 21 cm signals are most sensitive. This ULP mass lets the ULPs start oscillations at
0.055 < k < 0.15Mpc~ ! which, as Fig. 1 shows, is where the matter power spectrum has the
significant change with respect to that of the CDM only. On the other hand, the sensitivity
of the CMB observables to the ULPs increases up to the ULP mass of about 10°H, which
corresponds to the oscillation starting around the CMB last scattering epoch. For instance,
we found numerically 2 x 10*Hy ~ H(z = 1100) and we can indeed see that o(m,,) does not
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improve so much by adding the 21 cm observables for the mass around m, ~ 10*~¥°Hy. This
implies that the CMB constraint on m,, is dominant over that from the 21 cm observables for
this mass range. The CMB, however, starts losing its sensitivity to the ULPs significantly for
the larger ULP masses m,, = 10%H, which initiate the oscillations well before the last scattering
epoch.

In short, we find that the CMB measurements are most sensitive to the ULP mass range of
10*Hy ~ 108H,, and the 21 cm measurements are most sensitive to m,, ~ 107 Hy. We forecast
that the future 21 cm can constrain the ULP density fraction and the mass with an accuracy
of the order of a few percent. Because of the complications due to nonlinearity, however, the
ULPs with m, > 107 Hy would be hard to probe by the large-scale structure of the Universe,
even though these mass ranges can be well probed by other probes such as black holes and
dwarf galaxies. Further studies on the complementarity between different observables are left
for future work.

Acknowledgments

We thank K. Choi and D. Marsh for the useful discussions. This work was supported by the
MEXT of Japan and by French state funds managed by the ANR within the Investissements
d’Avenir programme under reference ANR-11-IDEX-0004-02. The research of JS has been
supported at IAP by the ERC project 267117 (DARK) hosted by Université Pierre et Marie
Curie - Paris 6 and at JHU by NSF grant OTIA-1124403. K.K. thanks the hospitality of IAP
where this work was initiated.

References

1] K. Kadota, Y. Mao, K. Ichiki and J. Silk, JCAP 1406, 011 (2014) [arXiv:1312.1898 [hep-ph]].
2] W. Hu, R. Barkana and A. Gruzinov, Phys. Rev. Lett. 85, 1158 (2000) [astro-ph/0003365].

3] W. Hu, Astrophys. J. 506, 485 (1998) [astro-ph/9801234].

4] A. Lewis, A. Challinor, A. Lasenby Astrophys. J. 538, 473 (2000) [astro-ph/9911177].

5] S. Furlanetto, M. Zaldarriaga and L. Hernquist, Astrophys. J. 613, 1 (2004) [astro-ph/0403697].
6

] M. McQuinn, O. Zahn, M. Zaldarriaga, L. Hernquist and S. R. Furlanetto, Astrophys. J. 653, 815 (2006)
[astro-ph/0512263].

[7] Y. Mao, M. Tegmark, M. McQuinn, M. Zaldarriaga and O. Zahn, Phys. Rev. D 78, 023529 (2008)
[arXiv:0802.1710 [astro-ph]].

[8] S. Wyithe and M. F. Morales, [astro-ph/0703070 [ASTRO-PH]].

[9] M. Tegmark and M. Zaldarriaga, Phys. Rev. D 82, 103501 (2010) [arXiv:0909.0001 [astro-ph.CO]],
M. Tegmark and M. Zaldarriaga, Phys. Rev. D 79, 083530 (2009) [arXiv:0805.4414 [astro-ph]].

[10] P. R. Shapiro, Y. Mao, I. T. Iliev, G. Mellema, K. K. Datta, K. Ahn and J. Koda, Phys. Rev. Lett. 110,
151301 (2013) [arXiv:1211.2036 [astro-ph.CO]].

[11] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5062 [astro-ph.CO].

[12] J. R. Bond, G. Efstathiou and M. Tegmark, Mon. Not. Roy. Astron. Soc. 291, L33 (1997) [astro-
ph/9702100].

[13] L. Knox, Phys. Rev. D 52, 4307 (1995) [astro-ph/9504054].
[14] W. Hu and T. Okamoto, Astrophys. J. 574, 566 (2002) [astro-ph/0111606].
[15] T. Okamoto and W. Hu, Phys. Rev. D 67, 083002 (2003) [astro-ph/0301031].

[
[
[
[
[
[

PATRAS 2014 155



Status of CAST and Solar Chameleon searches

T. Vafeiadis', M. Arik?, S. Aune®, K. Barth', A. Belov*, S. Borghi', H. Briuninger®, G.
CantatoreS, J.M. Carmona’, S. A. Cetin?, J. I. Collar®, E. Da Riva', T. Dafni’, M. Davenport®,
C. Eleftheriadis®, N. Elias', G. Fanourakis'®, E. Ferrer-Ribas®, P. Friedrich®, J. Galdn"3, J.
A. Garcia”, A. Gardikiotis'', J. G. Garza”, E. N. Gazis'?, T. Geralis'®, E. Georgiopoulou'!,
I. Giomataris®, S. Gninenko*, H. Gomez", M. Gomez Marzoa', E. Gruber'3, T. Guthorl', R.
Hartmann', S. Hauf'>, F. Haug', M. D. Hasinoff', D. H. H. Hoffmann'®, F. J. Iguaz’, I.
G. Irastorza’, J. Jacoby'”, K. Jakovcié'®, M. Karuza®, K. Konigsmann'®, R. Kotthaus'®, M.
Krémar'®, M. Kuster®'®, B. Laki¢'8, P. M. Lang'®, J. M. Laurent', A. Liolios?, A. Ljubi¢ié'®,
V. LozzaS, G. Luzon”, S. Neff*®, T. Niinikoski', A. Nordt>'5, T. Papaevangelou®, M. J.
Pivovaroff?®, G. Raffelt'®, H. Riege'®, A. Rodriguez’, M. Rosu'®, J. Ruz"?°, I. Savvidis®, I.
Shilon', P. S. Silva', S. K. Solanki?', L. Stewart', A. Tomas’, M. Tsagri''"!, K. van Bibber?°,
J. Villar", J. K. Vogel'32°, S. C. Yildiz?, K. Zioutas"'!.

'European Organization for Nuclear Research (CERN), Geneve, Switzerland

2Dogus University, Istanbul, Turkey

3IRFU, Centre d Etudes Nucléaires de Saclay (CEA-Saclay), Gif-sur-Yvette, France
4Institute for Nuclear Research (INR), Russian Academy of Sciences, Moscow, Russia
5Max-Planck-Institut fur Extraterrestrische Physik, Garching, Germany

6INFN, Sezione di Trieste and Universita di Trieste, Trieste, Italy

"Instituto de Fisica Nuclear y Altas Energias, Universidad de Zaragoza, Zaragoza, Spain
8Enrico Fermi Institute and KICP, University of Chicago, Chicago, IL, USA

9 Aristotle University of Thessaloniki, Thessaloniki, Greece

10National Center for Scientific Research Demokritos, Athens, Greece

1 Physics Department, University of Patras, Patras, Greece

12National Technical University of Athens, Athens, Greece

13 Albert-Ludwigs-Universitéit Freiburg, Freiburg, Germany

4MPI Halbleiterlabor, Miinchen, Germany

5 Technische Universitéit Darmstadt, IKP, Darmstadt, Germany

1Department of Physics and Astronomy, University of British Columbia, Vancouver, Canada
17J. W. Goethe-Universitit, Institut fir Angewandte Physik, Frankfurt am Main, Germany
8Rudjer Bogkovié¢ Institute, Zagreb, Croatia

9Max-Planck-Institut far Physik (Werner-Heisenberg-Institut), Miinchen, Germany
20Lawrence Livermore National Laboratory, Livermore, CA, USA

2 Max-Planck-Institut fir Sonnensystemforschung, Katlenburg-Lindau, Germany

DOTI: http://dx.doi.org/10.3204/DESY-PROC-2014-03/vafeiadis_theodoros

CERN Axion Solar Telescope (CAST) is the most powerful axion helioscope searching for
axions and axion-like particles produced in the Sun. CAST completed its search for solar
axions with *He buffer gas in the magnet bores, covering axion masses up to 1.2 eV. In
the absence of excess X-rays it has set the best experimental limit on the axion-photon
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coupling constant over a broad range of axion masses. In 2013 CAST has improved its
sensitivity to solar axions with rest mass below 0.02 eV by using Micromegas detectors
and it will continue in 2014 with the implementation of a second X-ray optic and a new
type detector (InGrid). In 2013 CAST has extended its sensitivity into the sub-keV energy
range using a silicon detector (SDD), to search for solar chameleons, extending its searches
to the dark energy sector. This search will be continued in 2014 and 2015 as well with the
InGrid detector. Future axion searches can improve the current axion sensitivity by 1 to
1.5 orders of magnitude with a new generation axion telescope (IAXO).

1 Introduction

Axions are stable pseudoscalars that arise from the compelling Peccei-Quinn mechanism [1] to
solve the CP problem in quantum chromodynamics. Most of axion experimental searches rely
on the axion coupling to two photons, allowing for axion-photon conversion in external electric
or magnetic fields.

The CAST experiment is based on the axion helioscope technique [2], orienting a magnet
towards the Sun. Axions could be generated in the solar center via the Primakoff effect: a
photon converts into an axion in the presence of the electric field of a charged particle. The
axion can be back-converted into a photon in the presence of a laboratory magnetic field. The
differential solar axion flux at Earth is given by:

do,
dE,

2
=602 10 ([ I0 ) BB ey ()

where g, is the axion-photon coupling constant, and E, is the axion energy (the mean axion
energy is 4.2 keV). The probability of axion-photon conversion in the general case of a uniform
optical medium inside a transverse and homogeneous magnetic field, which extends for length
L is [3]:

B gay ? 1 —I'L —TI'L/2
P, = ( 5 ) 2T {1 +e — 2 TE 2 cos(qL)| (2)

with I' the inverse photon absorption length of the medium, and the momentum transfer ¢
given by

m2 7m2
q= 72E , (3)

with m., being the effective photon mass in the medium,

eV A g
msy Lz} = 28.77y/ 51 [ﬁ} , (4)

given as a function of the density p, the atomic number Z and atomic mass A of the medium.

The conversion probability in Eq.(2) becomes maximum when the coherence condition gL <
m is satisfied. Therefore, the experimental sensitivity is restricted to a range of axion masses.
If the medium inside the magnetic field is vacuum (I' = 0, m,, = 0), the sensitivity is limited to
masses Mg < \/2mE,/L (for the CAST experimental setup, m, < 0.02 V). In order to extend
the sensitivity to higher axion masses, the conversion region has to be filled with a medium
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which provides an effective photon mass m.,. As a result, the coherence is restored for a narrow
mass window around m, = m..

The expected number of photons reaching an X-ray detector can be calculated as
dd,
N, = / ToPa S B, (5)

where S is the effective area, and t the observation time.

2 Strategy and scientific program

The main component of the CAST experiment is the 10 m long, twin aperture LHC prototype
dipole magnet, with the magnetic field of 9 T. The magnet is mounted on a moving platform
which allows it to move it to follow the Sun for approximately 1.5 h during the sunrise and 1.5
h during the sunset, throughout the year. Four low-background X-ray detectors (until the end
of 2012 three Micromegas and one pn-CCD/Telescope system [4]) are installed in each end of
the cold bore tubes to identify the converted photons exclusively at times of alignment between
the magnet and the core of the Sun (tracking), providing an axion signature. The remaining
hours of the day the magnet stays idle and reference background measurements are taken.

The CAST experiment has been searching for solar axions since 2003. During 2003 and
2004, it operated with vacuum inside the magnet bores (Phase I). From the absence of excess
of X-ray signal, while pointing to the Sun, it set the best experimental limit [5, 6] for the
axion-photon coupling constant for axion masses up to 0.02 eV. To extend the sensitivity to
higher axion masses, the experiment underwent a large upgrade in 2005 in order to operate
with a buffer gas of variable density in the magnet bores (Phase IT). The first part of Phase
II was completed with *He as buffer gas. With 160 different pressure settings, CAST scanned
the region of axion masses up to 0.39 eV, entering for the first time in the QCD axion model
band in the electronvolt range [7]. In 2007 CAST upgraded again the buffer gas system, to
accommodate 3He as a buffer gas. In the second part of Phase II, which started in 2008 and
finished in 2011, the range of axion masses up to 1.18 eV was scanned [8, 9]. Figure 1 shows
the CAST published limits on the axion-photon coupling constant.

3 Status

In the period 2013 - 2015 CAST will revisit the vacuum phase to search for axion-like particles
(ALPs) with improved detectors with very low background (~ 1 x 107% s=' em™2 keV™'). In
addition, a new X-ray optics will be installed for the sunrise Micromegas line in 2014. The
strategy for achieving low background detectors includes new electronics which provide more
information (pulse shape analysis extended to every strip), a cosmic veto with 75% coverage
in the sunset line, new shielding design and new generation Micromegas detectors specifically
designed for CAST. All the detectors are calibrated in the variable energy X-ray generator line,
in the PH-DT detector lab at CERN [10]. Additionally, CAST will continue searching for solar
chameleons and axion-like particles, something that no other helioscope has undertaken before.
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Figure 1: Exclusion regions in the m, — g,y plane achieved by CAST in the vacuum, “He,
and *He phase. We also show constraints from the Tokyo helioscope (Sumico), horizontal
branch (HB) stars, and the hot dark matter (HDM) limit. The yellow band represents typical
theoretical models while the green solid line corresponds to the benchmark KSVZ model.

4 Chameleon searches

Chameleons are dark energy candidates to explain the accelerated expansion of the Universe.
Their main characteristic is that their mass depends on the energy density of the environment.
They can be created by the Primakoff effect in the presence of a strong magnetic field and can
be converted to X-ray photons in CAST via the inverse Primakoff effect (like axions) [11].

In 2013 CAST extended its search to these dark energy particles. For this program, a
windowless silicon drift detector (SDD) was chosen with high quantum efficiency, good energy
resolution and a relatively large area. The detector collected 15.2 hours of tracking data and
108 hours of background in the energy range of interest from 400-1500 eV. The result of the
data analysis is compatible with the null hypothesis. Figure 2 shows the expected number of
counts in our detector, the subtracted counts (tracking - background) and the best fit to the
data. The compatibility of the data with the absence of excess of X-rays allows the derivation
of a preliminary limit to the chameleon to photon coupling constant, over a range of 3,, from
1 to 10¢ ( Figure 3):

By <9.20 x 10" at 95% CL. (6)
In 2014 and 2015, a new InGrid Micromegas detector will be installed on the sunrise side
to search for chameleons and ALPs [13]. The effective area of the detector is 2 cm? | and the

energy threshold well below 1 keV. It will work in combination with the existing X-ray telescope
in CAST.
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Figure 2: The expected number of photons from chameleon conversion inside the CAST mag-
net, that reaches the SDD is calculated from the theoretical photon spectrum arriving at the
detector, from the conversion of chameleons, taking into account the total tracking time, the
quantum efficiency of the detector, the magnetic length that the chameleons travel inside CAST,
the absorption phenomena on the cold surface of the bSDD due to the absence of window and
the area of the detector.
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5 Future searches: CAST and beyond

In the following years the scientific program of CAST involves searches for chameleons and
ALPs with improved sensitivity and also the R&D and feasibility study of new types of de-
tectors like a Radiation Pressure detector, a Relic axion dish antenna and dielectric waveguide
detectors destined to work inside the cold bores. In the first semester of 2017 CAST could
be reconfigured to install Relic axion detectors. In addition a new generation axion telescope,
TAXO (International AXion Observatory) [14] is currently at the level of the Conceptual Design.
It will look for solar axions or ALPs with about 4-5 orders of magnitude higher sensitivity than
CAST.
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Observational and experimental data from astrophysics, cosmology, and particle physics
strongly support the possible existence of new phenomena that are beyond the standard
model of particle physics. The Higgs boson may provide sensitivity to this new sector which
has remained inaccessible up to now. We provide an overview of an analysis strategy to
determine the ATLAS detector sensitivity to couplings of the Higgs boson to dark or hidden
sector vector bosons, Zg, that decay to leptons (muons and electrons).

Theories of fundamental interactions that are beyond the standard model (BSM) of par-
ticle physics are believed to be necessary in order to explain much natural phenomena. The
standard model (SM), while extremely powerful as a theory of the strong, electromagnetic and
weak interactions [1, 2, 3], does not appear to provide a natural candidate to explain Dark
Matter (DM), Dark Energy, the 6 term in the QCD Lagrangian, or the reason for so many
free parameters in the theory. The SM may be part of or embedded in a more fundamental
structure of particles and interactions at a new mass scale or with couplings that have not been
previously accessible experimentally. In this case, new particles, dynamics, and symmetries that
are beyond the SM could appear and signal the new physics associated with it. When the SM is
embedded in a larger unified theory based, for example, on superstrings or supergravity, a hid-
den or “dark” sector of particles and interactions usually results [4]. Much recent attention in
the theoretical community on this “dark sector” physics has been focussed on massive particles
with MeV to TeV mass scales [5, 6, 7]. In astro-particle physics, the most recent satellite data
from Fermi-LAT [8] and AMS-02 [9] indicate a stiffening of the positron spectra with energy
from about 10 GeV up to a few hundred GeV (AMS-02: 8-275 GeV) where a behavior that
decreases with energy is expected. Possible explanations for this excess are that it is attributed
to more mundane phenomena such as radiation from nearby pulsars, or molecular cloud ioniza-
tion. However, a strong possibility is that this excess is due to DM annihilation that proceeds
through the exchange of a dark force or dark matter particle. These ideas are thus suitable
for testing at the Large Hadron Collider (LHC) [10]. The bosons of the dark sector would
couple only very feebly to SM fields that were used previously, in order to be consistent with
observations. There could be several types of dark sector particles, with scalar, pseudoscalar,
and vector intrinsic spin assignments [11].

A new probe of this hypothetical hidden or dark sector may have become available at the
energy frontier opened up by the LHC. The experimental search for a Higgs boson has resulted
in a new discovery at the LHC, a boson with a mass in the vicinity of 125 GeV [12, 13]. This
was interpreted as a clear evidence for the production of a neutral particle and found to be
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compatible with the production and decay of the SM Higgs boson. If there is a family of dark
sector particles and interactions, they may couple to this Higgs boson in a unique manner that
is not possible with other SM fields. This physics may therefore be accessible experimentally
in a way that did not exist previously [14, 15, 4, 16, 17]. In this work, we consider the effect
of the Higgs boson (H) couplings to both a dark sector (Zg) and a SM weak vector (Z),
H — ZZ; — 4l, as well as the SM process, H =+ ZZ* — 4l, where | = e, i in both cases. Only
four lepton events resulting in the new Higgs boson at approximately 125 GeV are used in the
study. The search is for a narrow peak or excess above background in the Z* spectrum (the
Z* can propagate off-shell), resulting from decays to di-leptons. An example of the process
described in this work can be seen in the top process of Figure 1. The Higgs boson is produced
via gluon-gluon fusion, the dominant production mechanism at the LHC. The Higgs boson
would then decay into a SM Z° boson and a hidden sector gauge boson Z; that subsequently
decays directly into two leptons, in this case either a di-muon or di-electron pair. It is possible
that the dark sector gauge boson would kinetically mix with the SM Z* boson (if it is itself a
vector boson) that then decays into di-leptons as shown in the top process of Figure 1.

Several groups in ATLAS [18] have or are presently engaged in related searches, but with very
different strategies and signatures than those used in the analysis described here. Invisible Higgs
searches may be used to set limits on its couplings to hidden sector particles and interactions.
Analyses that attempt a search for Higgs invisible decays to a hidden sector will include an
incoming gluon or quark in the production channel that radiate a single gluon or photon (mono-
X events), for instance [19, 20]. The mono-X events include large amounts of missing transverse
energy, and a high energy jet or photon, unlike this present study. Invisible decays of the Higgs
boson may also be studied in events that include associated production with or without vector
bosons, such as q7 — qqH, g9 — ZH [21]. SM fields may couple to a supersymmetric hidden
valley of BSM particles via a mediator messenger dark boson that itself decays to pairs of highly
collimated leptons (lepton jets) [22]. The final states in those processes are similar to those of
the present study, except that the former are highly collimated. Several new BSM vector bosons
are predicted in models that are tested in the analysis of di-lepton decays [23]. These studies
focus on high invariant mass di-lepton events so as to be consistent with LEP constraints. The
direct production and decays of these predicted resonances are considered, unlike in the present
study where the new hypothetical resonance couples directly to the Higgs boson and decays to

Figure 1: The Higgs boson (H) may decay into an on-shell SM Z° boson plus a dark sector
vector boson Z;, with kinetic mixing, as indicated in the top diagram. The bottom diagram
shows the SM process where the Higgs boson decays into a Z° boson as well as an off-shell Z*
boson.
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two leptons in the process shown at the top of Figure 1.

The process H — 4l was one of the two “discovery modes” in the search for the Higgs boson
(the other being H — ~7) [12, 13, 24]. The present analysis makes use of this clear discovery
channel in the search for a new dark vector boson. The search strategy is as follows:

1. The H — ZZ* — 4l events are the starting point for the analysis. Only those 4/ final
state events that reconstruct the resonance near 125 GeV are used in the subsequent analysis
to search for Z,.

2. The Z° boson invariant mass is fully reconstructed in the intermediate state and this selection
is shown to agree with the Particle Data Group value.

3. Decays of the Z* boson that propagates off the mass shell are then considered. These
invariant mass events are not expected to exhibit a peak for SM events. Thus, a narrow peak
or excess of events above background in this spectrum signals the new particle state, Zg.

4. The Profile Likelihood ratio based on the the frequentist ATLAS statistical procedure [25]
is used to quantify any narrow peak or excess of events above background in the subleading
di-lepton invariant mass spectrum. In the absence of a signal, the search results are presented
as a limit of the ratio

BR(H — ZZ4 — 4l) .
BR(H — 41) S

in the mass range considered.
The authors gratefully acknowledge funding support from the US Department of Energy
and from the Deborah Fine Fellowship at Yale University.
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We study the B — L gauge extension of the Standard Model which contains a singlet
scalar and three right-handed neutrinos. The third generation right-handed neutrino is
qualified as the dark matter candidate, as an artifact of Zs-charge assignment. Relic
abundance of the dark matter is consistent with WMAP9 and PLANCK data, only near
scalar resonances. Requiring correct relic abundance, we restrict the parameter space of
the scalar mixing angle and mass of the heavy scalar boson of this model.

1 Gauged U(1)p-1 Model

The minimal U(1)g_p, extension of the SM [1, 2, 3, 4] contains in addition to SM : a SM singlet
S with B — L charge +2, three right-handed neutrinos N% (i = 1,2, 3) having B — L charge -1.
The assignment of Zy-odd charge ensures the stability of N}% [5, 4] which qualified as a viable
DM candidate. Scalar Lagrangian of this model can be written as,

L, = (D"®)' D,®+ (D*S)' DS - V(®,5), (1)
where the potential term is,
V(®,8) = m2®T® + 1?[S)? + A\ (®TD)2 + o[ S|* + N30T (5|2,

with ® and S as the SM-scalar doublet and singlet fields, respectively. After spontaneous

vp_ .+

symmetry breaking (SSB) the singlet scalar field can be written as, S = with v

B—-L
real and positive. The mass eigenstates (Hy, Hy) are linear combinations of ¢ and ¢’ with
mixing angle «. We identify Hy as the SM-like Higgs boson with mass 125.5 GeV.

The RH neutrinos interact with the singlet scalar field S through interaction term of the

lagrangian:

3
Lt = Y “NpSNp. (2)
i=1

Here we define, Apjs as the coupling between DM candidate and the SM Higgs boson, which

is effectively the Yukawa coupling of the N3. Thus, the mass of dark matter is given by,
MpyM = Mys = ‘lf"—’/,')évaL.
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Figure 1: Left : Plot of relic abundance as a function of DM mass for my = 500 GeV with
specific choices of scalar mixing angle cos « = 0.935 (blue-dashed), 0.45 (red-solid). The straight
line shows the WMAPY value, Q,,,,h? = 0.1148+0.0019. Right : Yellow region (in the middle)
shows the allowed range of cosa and my consistent with correct relic abundance as reported
by WMAP9. The above-pink (below-white) region is disallowed due to under-abundance (over-
abundance) of dark matter.

2 Dark Matter Observations

2.1 Relic Abundance

mp Fh VUp_p, Jp_1
125 GeV | 4.7x1073 GeV | 7 TeV | 0.1

Table 1: Choice of Parameters

A specific set of benchmark values chosen is shown in Table.1. The relic abundance of DM
can be formulated as [6],

Qo h? =11 x10°——2  Gev—?, (3)

Vgrmpi <O'U>a7m

where xy = mys /Tp with Tp as decoupling temperature. mp; is Planck mass = 1.22 x 101?
GeV, and, ¢g* is effective number of relativistic degrees of freedom. (ov)qny, is the thermal
averaged value of DM annihilation cross-section times relative velocity. DM interacts with the
SM particles via Z’-boson and h, H. But, Z’-boson being heavy (myz > 2.33 TeV [7]), the
annihilation of DM into the SM particles takes place via h and H only. Thus, effectively we
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obtain a Higgs-portal DM model. (00)qp, can be obtained using the well known formula [8],

1 3 2 / 1
(0V) gnn = mTN% {w(s) —5 (Qw(s) - 4mN;w (3)) xf} s:(sz%)Q , (4)

where prime denotes differentiation with respect to s (1/s is the center of mass energy). Here,
the function w(s) depends on amplitude of different annihilation processes,

NEN3 —bb, 7777, WYW~, ZZ, hh. (5)

In Figure. 1 the relic density is plotted against DM mass for two specific choices of scalar
mixing angles. The resultant relic abundance is found to be consistent with the reported value of
WMAP-9 and PLANCK experiment only near resonance when, myz ~ (1/2) mp, . The reason
for the over abundance of DM except at the resonance can be understood in the following way :
The annihilation cross-section of DM, being proportional to y2. (where, yp, = (ﬂmN%)/vaL),
is heavily suppressed due to large value of v,,_, .

Relic abundance near the second resonance depends on the following model parameters
(unknown) : scalar mixing angle («), heavy scalar mass (mpy) and decay width (I'y). For
large mixing angle, the total decay width of heavy scalar is large and hence the annihilation
cross-section (0v)ann is less compared to that with minimal mixing scenario. This behavior is
observed in Figure. 1, where Q,,,, h? is large for smaller value of cos a (at mys ~ (1/2) mp)
and vice-versa. We therefore perform a scan over the entire parameter range of myg (300-1000
GeV) and cos « (shown in Fig. 1) to find the allowed region consistent with the 9-year WMAP
data [9].

2.2 Spin-independent scattering cross-section

The effective Lagrangian describing the elastic scattering of the DM off a nucleon is given by,
Leps = fpNANEDP + fuNENjAN (6)

We obtain the scattering cross-section (spin-independent) for the dark matter off a proton or
neutron as,
4m? 9

S
o—p,{'L = I lpn (7)

where, f,, is the hadronic matrix element and m,. is the reduced mass.

We observe that, ‘75,51, o (sin2a)?f(my), which is maximum at a = 7/4 (or cosa = 0.707)
irrespective of the choice of mpy. Figure. 2 shows the maximum value of spin-independent
scattering cross-section (i.e, with cosa = 0.707) of the DM off proton (o57) as a function of
DM mass. We observe that the value of the resultant cross-section with two different values of
my for the entire range 6 GeV < mys < 500 GeV lies much below the XENON100 and latest
LUX exclusion limits. But, as the value of my is increased, the spin-independent cross-section
becomes larger at higher values of DM mass and approaches the limits as reported by LUX and
XENON100. As shown in Figure. 2, in future XENON1T data might severely restrict the choice
of allowed mpg.
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Figure 2: Variation of o7 with m 3 for mpy = 300 GeV (green-dashed) and 900 GeV (black-
solid) with cos @ = 0.707. The blue and violet curves show the bound from XENON100 [10] and
LUX [11] data respectively. Red curve shows the projected limits for XENON1T [12] .
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If Dark Matter is composed of hidden-sector photons that kinetically mix with photons
of the visible sector, then Dark Matter has a tiny oscillating electric field component. Its
presence would lead to a small amount of visible radiation being emitted from a conduct-
ing surface, with the photon frequency given approximately by the mass of the hidden
photon. Here, we report on experimental efforts that have started recently to search for
such hidden photon Dark Matter in the (sub-)eV regime with a prototype mirror for the
Auger fluorescence detector at the Karlsruhe Institute for Technology.

1 Ultralight Dark Matter and the dish principle

In the literature there is no shortage of well-motivated candidates for cold Dark Matter (DM)
particles. Without going into details of their respective theoretical motivation, it is however
clear that there is more experimental work needed in the search for its ultra-light candidates
below the eV regime: Although different detection schemes have been proposed, only a few
laboratory Dark Matter searches are actively searching for low-mass particles such as QCD
Axions, see, e.g., recent progress of the Axion Dark Matter eXperiment (ADMX) [1] and EDM-
based techniques [2].

Considerations of general classes of ultra-light particles, dubbed ‘weakly interacting slim
particles’ (WISPs) [3] have shown that such particles could make up the Dark Matter in a
rather large parameter space: particularly axion-like particles (ALPs) and massive hidden pho-
tons (HPs) [4] can in principle constitute all of the cold Dark Matter mainly through the
misalignment mechanism which is also invoked for Axions, see [5]. Whilst the viable parameter
space for such ultra-light Dark Matter is likely to be further constrained from cosmological
observables, ultimately laboratory experiments should be performed to have certainty on its
existence.

On the experimental side, set-ups like ADMX are based on a resonant conversion of axions
(and WISPs) and are thus ideal to find extremely weakly coupled particles in a rather narrow
mass region. This is ideal for a QCD axion Dark Matter search. For covering a wider mass-
range, the search for ALP and HP Dark Matter with a spherical mirror has been recently
proposed [6]: Here the conversion is not resonantly amplified and thus the most immediate
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experimental setups are less sensitive with respect to the coupling (but have the advantage of
broad-band frequency/mass coverage).

Let us recapitulate the idea of the ‘dish setup’ for HP Dark Matter, analogous considerations
hold then for ALPs': The relevant term for HP DM 7 is photon-to-hidden-photon coupling,
parameterized by the kinetic mixing parameter x, see, e.g. [4]. It eventually leads to elec-
tromagnetic power being emitted by a conducting surface (e.g. mirror) at angular frequencies
approximately corresponding to the HP mass, w ~ ms [6]. This is due to the presence of the
HP DM together with the usual requirement that for electric fields at the conducting surface
E |j = 0. To first order, photons are emitted perpendicular to the surface, with small corrections
stemming from directionality of the DM inflow (which can be used to verify its DM origin).

To detect photons induced by this process, the advantage of using a spherical mirror is
imminent: photons from far away background sources impinging on the mirror will be focused
in the focal point f = R/2 whilst the Dark-Matter-induced photons will propagate to the
center of the ‘mirror sphere’. There, a detector can be mounted. A small off-set away from
the center can be understood as follows: Be p’ the momentum of the incoming DM, and k the
outgoing photon momentum, then k; = p; along an infinitely extended surface because there
is no boundary change (the approximation is then valid as long as A is much smaller then the
surface diameter). With energy conservation k = \/m2 + |pL |27 + P||, with normal 7 to the
surface. As for the DM |p] < m, the angular off-set of the signal away from the center of the
‘dish-sphere’ is 1) ~ |p||/m and the off-set on the detector is d; ~ 22 R when the detector is at
center R and ¢ labels directions along the surface.

Nicely, thus, such a setup has a directional sensitivity [7], which is easy to retrace within
the common DM halo models. E.g., assuming an isotropic velocity distribution of the DM with
respect to the galactic frame, a global off-set of the signal on the order of Ad ~ Avgetector R 18
expected due to the movement of the sun in the galactic rest frame as well as a daily modulation
on the same order of magnitude (the yearly modulation is negligible due to the small velocity
of the earth w.r.t. the sun). Besides the signal-spot movement, a likely velocity distribution
Avpy ~ 1073 of the DM leads to a broadening of the signal spot. Ultimately, it is nice that
this directional sensitivity can help to verify the Dark Matter nature of a signal.

2 Prospective sensitivity with the KIT mirror

The Pierre Auger Observatory uses two types of mirrors (coated glass and coated aluminum)
[8]. Both are are segmented due to their rather large overall area of A ~ 13m?, see Fig. 2. One
prototype aluminum mirror for this experiment is kept at the Karlsruhe Institute for Technology
(KIT). As the mirrors are spherical with R = 3.4m, the metallic mirror is ideal for the Dark
Matter search described above. Assuming a Dark Matter density of pcpy =~ 0.3GeV/ cm? and
assuming that HPs make up all of the Dark Matter the power emitted to the center is

P = (a®) x*pcomAdish ~ X2 (1.87 x 10° Watt) | (1)

where (a?) is a O(1)-factor related to the polarization of the HPs [6], which we have taken
to be one for simplicity. As mentioned, the experimental advantage now is that the power is
concentrated at the center R of the ‘mirror sphere’, and not at the focal point f = R/2.

1From the experimental point of view, to look for ALP DM with this technique is rather involved, since for
a decent sensitivity the mirror has to be strongly magnetized with field strengths on the order of a few Tesla
[6]. For the experimental setup at KIT described here, this will likely not be possible.
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Figure 1: Hidden photon DM parameter space Figure 2:

(blue) and exclusion regions (red/orange). In
green some parameter regions accessible with
the metallic mirror setup with different detec-

AUGER housed at KIT (campus north). The
grey post at the lower right hand side is the de-
tector mount located in the center of curvature.

tor options. See text for details and [4] for a
comprehensive review of the parameter space.

As benchmark number, one would like to probe the parameter space below xy = 3 X
10712 1/m[eV], which is the limit inferred from the XENON10 experiment [9], see the orange
region labeled ‘Xenon’ in Fig. 1.

The setup described above is sensitive to all HP masses whose associated wavelength A =
27 /m can be: 1) detected by the sensor and 2) properly focused by the mirror (here we assumed
A < R to use light-ray approximation and neglect diffraction, which would affect our estimates
approximately below the mass range at which we cut Fig. 1).

For technological simplicity, measurements in the visible are a good starting point, although
their range is a limited. As an example, labeled ‘PMT” in Fig. 1, we have plotted the sensitivity
range of a readily available?, low-noise (<1Hz) cooled PMT with ~ 25% quantum efficiency
in the (300-500)nm regime at a SNR of 3 and 30h measurement time (assuming we are noise-
limited by the detector, which is conceivable in the optical).

One can see that even this most simple and realistic setup is quickly sensitive to uncharted
parameter space and with a set of PMTs, the near-infrared to UV range can be explored down
to x ~ 10713 (the overall coverage is a bit limited in the eV-range due to the strong bounds
imposed by [9]).

Since the mirror is by default set up in a room with O(m)-thick concrete walls and fur-
ther shielding can be constructed if required, measurements down to the GHz-range can be
envisioned and are sensitive to larger parameter regions of HP DM. The gray regions in Fig. 1
indicate the exclusion set through a null-result of different QCD axion haloscopes as described
in Sect 1.

2see, e.g. http://my.et-enterprises.com/pdf/9893_350B.pdf.
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In green and yellow, again we plot parameter space accessible in principle to our set-up, here
within a few minutes in an idealized situation where we are limited by detector noise (if the
mirror has high reflectivity for the corresponding frequencies, its thermal emission should be
low). We sketch the accessible parameter region using the Dicke radiometer equation for a 25K
c receiver at hand (~ 3.2 — 4.2GHz) (lighter green). For slightly higher frequencies we employ
the noise figure provided in [10]. One sees that even non-cryogenic options (300K FET, darker
green) can cover a neat section of parameter space, we also plot in lighter green the accessible
region for a 15K HEMT (yellow).

Note the in the above considerations we have left out implications of directionality discussed
in Sect 1. In the final analysis, the data sets have to be evaluated in a particular DM model in
which off-set and modulation can be computed.

In summary, one sees that this rather simple setup offers many options to look for HP Dark
Matter. Fig. 1 just sketches the most immediate options for this setting for good experimental
conditions. If we are successful in these first steps, measurements in also in intermediate
frequency ranges could be conceived. In the following months, the results of ongoing background
measurements and budgetary considerations will determine our next steps.

3 Summary

Hidden Photons could constitute (part of) Dark Matter. To test this possibility, cosmological
guidance and laboratory experiments are needed. A novel setup with a large metallic mirror that
can probe HP masses in the 107> — 10° eV-regime down to kinetic mixing values of y ~ 10713
is being set up at Karlsruhe. This experiment can nicely complement other broadband efforts
[11] to probe even lower HP DM mass-scales with microwave cavities.

The authors acknowledge the support of the Helmholtz Alliance for Astroparticle Physics, the
lasting support of many Tight-movers’ [12] and the kind collaboration of I. G. Irastorza, J. Jaeckel,
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and D. Veberic on different aspects of this experiment. BD would like to thank the PATRAS
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In the long tradition of exotic searches at fixed-target experiments, we plan to use the NuMI
beam-target and the NOvA Near Detector to observe potential signatures of Hidden Sector
or Dark Matter particles, either directly produced within the target or through theoretically
postulated mediators. Expecting mostly scattering events on electrons or nucleons as
their signatures, an example of a mediator generated scalar dark matter particles is used
to discuss the target production profile of a dark matter beam. This channel explores
the capabilities of the detector to observe neutral-current events from electron-neutrino
scattering interactions.

1 Introduction

Worldwide, the search for New Physics particles is getting more intense. Global broken sym-
metries may give rise to the elusive Axion (meV) and other Axion-like-particles (ALPs) which
do not bind their masses with the weak scale coupling. Particles from these Hidden or Dark
Sectors (HS) are not charged under the Standard Model and they are generically referred to as
Dark Matter candidates (DM). A brand new particle discovery will be overwhelming proof of
the existence of the postulated New Sectors in nature. It will not only define the High Energy
Physics research in this century, but will also give us either the first dynamic coupling, (in the
case of Axions), or a view into nature’s intentions, (in the case of HS), where there are no
reasons to have any anthropic motivated fine tuning of parameters.

The lowest dimension operator through which HS couple to the Standard Model is called
a portal. Several models exist such asVector Portal, Heavy Neutrinos Portal, Axion Portal,
and others that may explain a very weak coupling of these sectors to the standard model.
Search ideas born from these portals appear in a community-wide study in [1]. Several model
independent plans in this literature utilize the proximity of neutrino near detectors to intense
fixed-target setups that drive accelerator-based neutrino measurements. In this work, and in [2],
we estimate an example of the DM flux to a near detector. We use the Vector portal to simulate
the production of a vector mediator V;, that decays into a pair of scalar DM particles (x, x').
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2 NuMI and NOvA

Currently, the most intense neutrino source is the NuMI (Neutrinos at the Main Injector) v,
beam. It is a fixed-target system at the end of the Main Injector (MI) accelerator complex
at Fermi National Accelerator Laboratory. Neutrinos are the tertiary beam coming out of the
target complex used to feed the MINOS and MINERVA experiments with a baseline power of
320 kW.

For the needs of the new flagship experiment of Fermilab called NOrvA (NuMI Off-axis
electron-neutrino Appearance), MI has been upgraded to 500 kW. It delivers multiple proton
groups (bunches) stored in each burst (spill) of 10 usec (Fig. 1) every 1.67 sec. Since September
of 2013, it has delivered almost 3.25 x 102° protons on the target (POT). Further upgrades to
the Booster accelerator that feeds MI are expected to bring the intensity to 700 kW within
a year. The projected integral beam is 5 x 102! POT within the 6 years of the NOvA run
plan. This is more intense than the most severe constraints for the production of dark matter
particles in the literature (see [2]).

The main function of the NOvA Near Detector (ND) [3] is to measure, near the source,
the energy spectrum and profile of the v, beam and the v. background expectation within the
range of 1-3 GeV. Its segmented design of 4cm x 6¢m cells and its construction of low-Z plastic
material gives it an estimated energy loss of about 10 MeV/cell or 0.18X,, /plane. This makes it
very competitive for detecting electron tracks for a wide range of energies 0.1-60 GeV as shown
in the study in [2].

NOVA ND Data Preliminary
T T T

U™ nits / duns

I 1 L]
0 225 230
Hit time (us)

e
a

Figure 1: The NOvA timing peak (all hits) seen at the Near Detector. The full spill is shown
arriving to the detector after the hardware imposed delay of 218 usec and the beam structure
is from the individual bunches of 18.8 ns each.

3 Dark matter production and flux simulation

The MI proton beam with 120 GeV on the NuMI carbon fixed target provides all of the available
energy of 15 GeV for the mass of a directly produced vector mediator particle. Therefore, the
sensitivity of the ND to DM extends up to 7.5 GeV. In this work, we present one example of a
calculation of DM flux into the NOvA ND. We use a model of scalar DM production (x, x') for
three mass cases m, =100, 300, and 450 MeV through the Vector Portal by the direct creation
of a vector mediator particle (V,) of mass 1 GeV. The interaction p +p — V,, — x + Xt
from [5] is the input to PYTHIA 8 calculation framework [6] producing the angular and energy
distributions of the dark matter flux profile in Fig. 2. We chose this example so we can compare
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the product distributions to a similar analytical estimation by deNiverville et al. in [5]. As
the ND is off axis and its angular acceptance is 0.6° — 0.8° [2], we compare the 300 MeV
case distribution to the same one from [5] for the forward lab-angles less than 2° ignoring the
dependence on angles away from the direction of the initial proton beam direction (Fig. 2, left).
This gives us a handle for the size of production rate of DM as is estimated in [5] from various
astrophysical and cosmological constraints. The energy spectrum of x in Figure 2 right comes
from events that have an angle to the beam in the lab frame within the ND acceptance range.
The distributions are normalized to the total events in the 300 MeV case. The two distributions
of Figure 2 make the DM beam profile.

1do| . 1 do
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0.16[ 0.12
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Figure 2: (left) The angular distributions of the x’s in the lab frame. The distributions are
labeled by the m,. The 300 MeV curve is compared to the smooth curve taken from [5] and
fits well for § < 2° within only a normalization factor. (right) The energy spectrum of the x’s
that cross into the NOvA ND is normalized to the number of events from the 300 MeV curve.

4 Discussion

Figure 2 (right) shows that the energy spectrum of the dark matter extends from few to 60
GeV, peaking at around 20 GeV. This covers the complete range of the detector response to
high energy signatures as seen in [2]. The large DM masses from NuMI and the ns resolution
expected from the NOvA system may also allow us to use time-of-flight techniques in the DM
signature reconstruction. That can keep the detection efficiency [2] be around 10~3, depending
only on detector acceptance and software reconstruction capabilities. Of course, in order to
make a model independent measurement, the analysis of the data will proceed in the backward
direction. That is, identifying any regions of excess events and attempting to interpret them
from their kinematics (energy transfer to the scattered particle, direction of the scattered prod-
uct, time of flight with respect to the prompt neutrino beam coincident with the accelerator
cycle, etc.) and then, attempt to compare which are the most probable models predicting such
distributions.

Future experiments, like LBNE [7] (expected to start in 2022), with an on-axis detector
can potentially have improved time resolution, efficiency and finer granularity in the tracks but
also they must compensate for the neutrino background that will be over the full energy range
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of signals in the near detector. In the meantime, NOvA will have the advantage of having
the neutrino background energy spectrum peeled back below 5 GeV. This may allow us to see
several events in excess to the predicted neutral current spectrum, and so probing models of
DM production in the order of a pico-barn of cross section for each detected event during the
6-year of the NOvA run plan.

5 Conclusions

The weak coupling of the Hidden/Dark Sectors to Standard Model make fixed target neutrino
experiments sensitive to dark matter mass below 10 GeV. In anticipation to the first NOvA
production runs, at the world’s most intense fixed-target beam during the fall and winter of 2014
with the newly commissioned Near Detector, we have presented an example of our expectations
of the source and the kinematics of the dark matter particles that could be seen in the NOvA
near detector. The debate on the sensitivity is critically dependent on the model that each
favors but we expect a model agnostic attidude can help find the answers within the data.
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The potential influence of solar neutrinos on beta decay rates was investigated at PTB. To
this end, new experiments have been carried out for the beta emitters **Cl and *°Sr/*°Y,
respectively. The measurements were performed using custom-built liquid scintillation
counters with three photomultiplier tubes (PMTs). The data were analyzed applying the
TDCR method which yields information on the counting efficiency and the activity. The
activities corrected for decay were found to be stable and no oscillation could be observed.
Also frequency analyses do not show any significant periodicity. Thus, we disprove the
findings from several previous works of a research group working with Fischbach, Jenkins,
Sturrock et al. who used data from relative measurement methods only. The data they
use are not suitable to claim evidence for variations of decay rates, since the measurement
techniques do not provide information on the instrument efficiency. That group also used
data from our laboratory which were obtained by means of ionization chambers. We can
show that the observed effects cannot be explained with an influence of solar neutrinos,
whereas an influence of climate data in the corresponding measurement room appears to
be a more plausible reason.

1 Introduction

In the past few years, a group of US American scientists has analyzed data of long-term measure-
ments of several radioactive isotopes. Some of the data sets showed fluctuations with reference
to the seasons, which the researchers explained by corresponding changes in the decay rate
of the radionuclides (see, e.g., [1] and references therein). They attributed these fluctuations
to the changes in the distance between the Earth and the Sun. With this distance, also the
flux of solar neutrinos at the surface of the Earth changes which, according to these scientists,
allegedly influences the decay rates. What the publications by the group have in common is
that their theory is based on experimental data which were obtained by means of detector
types that are known to be particularly sensitive to environmental parameters. For instance,
the measurements performed on 32Si, 36CI and ??Ra are based on gas detectors. Moreover,
these experiments were never designed to precisely measure potential variations of decay rates;
some data were even taken by detectors used for radiation protection procedures.

In a recently published article [1], the American scientists have now used measurements of
361, which were obtained with a Geiger counter used for wipe testing of contaminations at the
Ohio State University Research Reactor (OSURR). These, too, show clear fluctuations which
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the authors interpret as further evidence of their theory.

Measurements on 2°Sr/?°Y were carried out by Parkhomov using a Geiger-Miiller counter [2].
The data, which were later analyzed by Sturrock et al., show also timely variation with a
frequency of about 1y~ [3].

2 New experiments at PTB

The beta emitter 2**CI has also been investigated at PTB [4] by means of a liquid scintillation
counter. For this purpose, a small amount of the radioactive material is put directly in the
organic liquid scintillator, which rules out any potential problems with the self-absorption of
the radiation originating from the radioactive decay inside the source itself and in the air layer
between the source and the detector. The TDCR procedure allows the detection probability
to be determined without an additional reference source [5]. The method compensates to a
large extent for fluctuations of the detection probability due to changes in the properties of the
source or of the detector and due to environmental influences. In this way, the TDCR liquid
scintillation measurements exhibit a clear advantage compared to simple counting experiments
with gas detectors.

The new PTB data fluctuate far less than those from the OSURR and, thus, refute a
dependence of the 36Cl decay rate on the distance between the Earth and the Sun. The new
PTB data were also analyzed by means of a Lomb-Scargle frequency analysis before and after
removing a trend which can be explained by slight colour quenching. The corresponding power
spectra are shown in Fig. 1.

¥ Frequency analysis u Frequency analysis

power
power

a=0.05 =0.05
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54 m i
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0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
frequencyiny? frequencyiny®

Figure 1: Periodograms obtained from a Lomb-Scargle frequency analysis applied to 3¢Cl ac-
tivity data from [4] before (left) and after (right) removal of a trend which is ascribed to colour
quenching.

From April 2013 to May 2014, additional long-term TDCR measurements were carried out
at PTB using 2°Sr/?°Y [6] and using a new counter with an automated sample changer. The
data show no dependence on the season (Fig. 2) and, thus, refute the results published in [2]
and [3] which are, again, based on measurements with a gas detector. When analyzing the data
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Figure 2: Normalized %°Sr/?°Y activities measured by means of TDCR at PTB [6]. The solid
line represents the squared inverse Sun-Earth distance (right ordinate).

with a frequency analysis technique, the new PTB data show no significant peak and, thus, an
influence of the Moon or the Sun, as suggested in [2] and [3], can be excluded.

3 Ionization chamber measurements at PTB

In several articles, Fischbach, Jenkins, Sturrock et al. use data which were obtained by means
of ionization chamber measurements in our laboratory. In a recent article [7], our laboratory
is even mentioned in the article title, and we emphasize here that this does not mean that we
agree with the assertions. On the contrary, we found several serious errors and the conclusions
are definitely false. The main fault is that the authors of [7] equate instrument readings with
decay rates. Of course, the two parameters are related via the detection efficiency. However,
a claim that the decay rates vary with time would only be possible if one can ensure that the
detection efficiency is constant which cannot be proved for these data. We find clear correlations
between the instrument readings and the temperature or the air humidity in the corresponding
measurement room. In addition, we find variations with different amplitude, different phase
and different frequency when using another instrument. Thus, we can exclude the Sun or solar
neutrinos as a common reason for the observed variations.

The papers from Fischbach, Jenkins, Sturrock et al. also make clear that they have only
limited knowledge about the experimental data they use. For example, they report on ‘count
rates’ (see, e.g., Figs. 1 to 8 in [7]) obtained from our ionization chambers whilst we are
measuring ionization currents, i.e. we cannot count single events.
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4 Discussion

In conclusion, our results from primary activity measurements strongly refute timely variations
of decay rates. Moreover we have shown that variation in instrument reading (not in decay
rates!) is more likely due to changes of other parameters such as temperature, air pressure and
humidity.

In many articles by Fischbach, Jenkins, Sturrock and coworkers (we cannot cite them all)
several mistakes were made. The main error is that the authors equate instrument readings
with decay rates without showing clear experimental evidence that the detection efficiency is a
constant. We also criticize their findings which ignore the fact that some of the data they use are
in contradiction. For example, they used 36Cl data from BNL to support their theory and later
they used data from OSURR for the same isotope. However, both data sets do neither agree
in amplitude nor do the power spectra agree. Another example is 2°Sr/?0Y: For this isotope,
data from ionization chamber measurements at PTB were used which are in contradiction to
the data from Parkhomov.

In our opinion, a sophisticated investigation of a potential influence of solar neutrinos to
decay rates requires accurate measurements by means of primary activity standardization tech-
niques like the TDCR method or the 473 — = coincidence counting method, whereas relative
methods based on gas counters, scintillation counters or gamma-ray spectrometers are not
sufficient.

Finally, we emphasize that a correlation does not necessarily imply causality. For example,
we can also find a correlation between the flux of solar neutrinos on the Earth’s surface and the
mean gas consumption in Germany. However, this correlation certainly does not mean that the
gas consumption is influenced by solar neutrinos.
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In theories with large extra dimensions, besides the graviton living in the bulk, parti-
cles which are singlets under the standard model may live in extra dimensions. A singlet
neutrino can live in the bulk and its mixing with a standard flavor neutrino offers un-
conventional patterns of neutrino matter oscillations. These oscillations depend upon two
parameters: the brane-bulk coupling £ and the effective mass p of the flavor neutrino inside
matter. With a 1 km® neutrino telescope, extra dimensions with a radius down to 1 um
can be tested directly. An axion particle can live also in extra dimensions. We consider the
photon axion mixing and analyze the eigenvalues and eigenstates of the mixing matrix. A
resonance condition for the total conversion of a high energy photon into a Kaluza-Klein
(KK) axion state is established. This resonant transition may provide a plausible expla-
nation for the transparency of the universe to energetic photons. If the brane we live in is
curved, then there are shortcuts through the bulk, which the axion can take. We suggest
that such axionic shortcuts are at the root of the dispersion of time arrival of photons.

1 Introduction

The standard model (SM) of strong and electroweak interactions has been extremely successful.
It provides a consistent theoretical framework within which we can analyze and understand all
available experimental data. Still we know that it cannot be regarded as the final theory.
Any attempt to include quantum gravity leads to a unified theory where two disparate scales
coexist: the electroweak scale (My, ~ 1 TeV) and the Planck scale (Mp; ~ 10* GeV). Quantum
radiative corrections then, especially in the scalar sector (Higgs field) of the theory, tend to mix
the scales and, without an incredible amount of fine-tuning, will always equalize them (the
hierarchy problem). A novel approach has been suggested to alleviate the hierarchy problem
[1]. Our four-dimensional world is embedded in a higher dimensional space with D dimensions
(D = 4+n). While the SM fields are constrained to live on the 4-dimensional brane, gravity can
freely propagate in the higher-dimensional space (bulk). The fundamental scale My of gravity
in D dimensions is related to the observed 4-dimensional Planck scale Mp; by

Ml%l - M]%Jrnvna (1)
where V, is the volume of the extra space. For a torus configuration

Vn = (27‘_)% RlRQ...Rn, (2)
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with R; (i = 1,2,...n) the radii of extra dimensions. Then for a sufficiently large volume V,, the
fundamental scale of gravity My can become as low as My . In this radical way the hierarchy
problem ceases to exist as such.

Besides the graviton, fields which are standard-model singlets, like a sterile neutrino [2-4] or
an axion [5-7] can freely propagate in the bulk. These particles accrue then an infinite tower of
Kaluza-Klein (KK) excitations and the issue of mass eigenstates and mixing has to be revisited.

In the next part we consider how the Yukawa coupling of the standard lepton doublet,
the Higgs scalar and the right-handed bulk neutrino, will provide a mixing between the left
handed neutrino of the standard model and the KK modes. We focus our attention on neutrino
oscillations, inside matter. Compared to the usual oscillations, novel features appear since now
we have a coupled system of infinite degrees of freedom. The pattern of oscillations depends
upon two parameters: the coupling £ between the left-handed neutrino and the KK states and
the effective mass p of the flavor neutrino. We study in detail this dependence.

In the third part we consider the photon-axion mixing, induced by a magnetic field. Com-
pared to the usual oscillations, novel features appear linked to the presence of the new scale,
the radius of the extra dimension (or its inverse, the mass of the Kaluza-Klein excitation). We
study in detail the eigenvalues and eigenstates of the mixing matrix and establish the resonance
condition for the total conversion of a high energy photon into a KK axion state. We examine
also the astrophysical implications of our formalism, notably the production and propagation
of photons in sites of strong magnetic fields (neutron stars, GRBs). A photon-generated KK
axion can take a “shortcut” through the bulk and appear earlier, compared to a photon trav-
eling along a geodesic on the brane. We quantify this effect and analyze its relevance for the
timing of photons observed by the MAGIC telescope during an activity of Markarian 501. At
the end we present our conclusions.

2 Sterile neutrino in large extra dimensions

There is already an extensive literature on neutrinos living in extra dimensions [8-20]. We start
by considering the action for a massless bulk fermion ¥ living in 5 dimensions

Sy = /d4xdy\IlI‘“8#\Il, M=0,1...5. (3)

v=(5) ©

with each component admitting a Fourier expansion

¥ is decomposed as

1 ny

T Vo () + i \/% (Nn () cos (ﬁ) + N, (z) sin (%)) . (5)

Thus at the brane the bulk fermion appears as a KK tower. Since the momentum in the extra
compact dimension is quantized, each KK mode appears as having a mass n/R (n =1,2,...).
Consider now the coupling of the standard left-handed lepton doublet to the bulk neutrino

h
\/Mf

N (z,y) =

LHNRS (y), (6)
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where H is the Higgs scalar doublet and i a dimensionless Yukawa coupling. After the Higgs
field develops a vacuum expectation value (v), we get the mass terms

muy, (NRO + \@i NRn) ) (7)

n=1

with m ~ hvMy/Mp,. Notice that for My ~ 1 TeV, h ~ 1, we obtain m ~ 10~ eV [8-13]. Also,
the left-handed zero mode Ny decouples from the spectrum and remains massless. Denoting

N v .
WR:(NZ?)’ WL:(NZ)’ i=1,2,..., (8)

the mass term is Wy MW p with the mass matrix M given by [10]

m V2m V2m
0 1/R 0
M=1909 o 2R - [ (9)

The evolution of the neutrino states is determined by the Hamiltonian

1
2F,
We define ¢ = mR. For a muon neutrino traveling inside matter the effective mass takes the

form p = v/2E,R>GrN,, with N,, the neutron density. The eigenvalues A2 of the mass matrix
satisfy the equation

H= MMT. (10)

[ — A% + & (Ar) cot (Ar)] H (n* =A%) =0. (11)

n=1

A resonance occurs whenever the condition is satisfied
R = ,\i (12)

For n = 1, the condition becomes [20]

0 E, R N
(100513) (100G6V> (1ym> =1, (13)

with p the density of the medium, E, the neutrino energy and R the radius of the large extra
dimension.

Notice at figure 1, that an impressive resonance structure appears and by reading the energy
and using Equ.(13) we can extract the value of the radius R.

3 Axion in large extra dimensions

Pecci-Quinn (PC) solution to the strong CP problem in QCD [7], predicts the existence of a

neutral, spin-zero pseudoscalar particle, the axion. Axions and photons oscillate into each other
in an external magnetic field [21, 22] due to the interaction term
1 . 4 S 5

Lint = —aF,,F,, = —aFE-B (14)

fro ~ fro
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Figure 1: The probability P (v, — v,,) for a neutrino traversing 10649 Km through the mantle
of the Earth (with density p ~ 4.4 g/cm?), as a function of energy.

where F),, is the electromagnetic field tensor, F;w is its dual, « is the axion field. The mass
mpg of the standard axion, as well as the axion-photon coupling is inversely proportional to
the scale fpg. For a recent account of the axion searches see ref [23].

To simplify the calculation for the higher-dimensional case, we consider one extra compact
dimension y and a singlet axion field a(z*,y). Projected into the brane the axion field will
appear as a collection of KK modes a,(z"), each having a mass m, = %, where R is the
compactification radius. The coupling of the KK axions to the photon is universal [5, 6, 24, 25]

1

»Cin = 7
t fPQ

> anFuFu (15)

n

The mixing matrix M between the photon state A) parallel to the magnetic field B, the
standard PQ axion «p and the KK axions «,, is [6]

A, Ap Ap -+ Ap

Ap Ay o --- 0
M — Ag 0 Ay --- 0 (16)

Ag 0 0 AN

where ) )
w m n? 4B

A = P A TPQ - . 17
Y 2E7 0 2E ) n 2ER27 B fPQ ( )

The plasma frequancy is ‘*’Zl = (4wan,) /m. for an electron density n..

The next step is to establish the eigenvalues and the eigenvectors of the mixing matrix
M. The resonant condition for the transition of the photon to the first KK axion (the most
dominant transition) takes the form, in actual units [27]

2 12
() () () (550
500 GeV 10—3em 107G fro
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Within this scheme, photons of high energy produced in an active nucleus are transformed
through an MSW type resonance into KK axions, which travel unimpeded before being recon-
verted back into photons. For photons not satisfying the resonance condition, the probability
to transit as KK axions is reduced and therefore these photons are limited by the opacity of
two photon annihilation into an electro-positron pair. Our approach offers a plausible explana-
tion for the transparency of the universe to energetic photons [26]. Photons of the appropriate
energy, are transformed into KK axions, travel freely in the bulk space, before returning back
into the brane and observed again as photons [27]. The same mechanism may provide also high
energy photons escaping the GZK cutoff [28].

The advent of imaging atmospheric Cerenkov telescope like HESS, MAGIC, VERITAS,
FERMI, CTA, allows the detection of photons from astrophysical sources (neutron stars, GRB,
AGN) in the high energy window from 100 GeV to few TeV .The MAGIC telescope analyzed
the timing of photons originating from the Mkn 501 source [29]. It was found that the photons
in the 0.25—0.6 TeV energy range precede by 4 minutes the photons in the 1.2—10TeV energy
band. The observed features might be possible to be explained within an astrophysical context
[30]. A particle physics solution, within the framework of quantum gravity [31, 32] has been
suggested also. Quantum fluctuations of space-time lead to a speed of light dependent upon
energy, thus creating a dispersion in the time arrival of photons [33].

The transition of a photon to a KK axion, offers another alternative to analyze the observed
dispersion in time arrival of high energy photons [27]. A particle, travelling from a point on the
brane to another point on the brane, may take a “shortcut” by following a geodesic in the bulk
and arriving earlier compared to a particle which follows a geodesic on the brane [34]. In our
case a photon, transformed into a KK axion traveling through the bulk, may reappear earlier
on the brane, compared to a photon stuck in the brane. There are a number of ways shortcuts
emerge in theories with extra dimensions. In a brane containing matter and energy, self-gravity
will induce a curvature to the brane, so that the brane becomes concave towards the bulk in the
null direction. Then we can find geodesics in the bulk propagating signals faster compared to
the geodesics in the brane [34]. A phenomenology, with a sterile neutrino shortcuting through
the bulk has been developed [35, 36], accounting for all neutrino oscillation data. A 1+ 1
dimensional toy model may exhibit the expected behavior [35]. In a Minkowski metric

ds® = dt* — da? — da3 (19)
the curved brane is represented by
x9 = Asin(kx) (20)

while the bulk geodesic is given by zo = 0. A signal transmitted through the bulk will appear
as having a superluminal speed. Equivalently a difference in time arrival will be observed given

by

bty —t Ak\?

S~ () (21)

iy 2

where ¢, is the time it takes for the photon in the brane and ¢, is the corresponding time for the
photon which uses the axionic shortcut. Within our model, the photons having the resonance
energy, eq.(18), use the axionic shortcut and arrive earlier compared to the other photons of
different energies which propagate along the brane. From the MAGIC experimental data we

infer that the 0.25 — 0.6 7eV photon energy brackets the aforementioned resonance energy.
The amount of the time difference is determined by the brane shape-parameter Ak and the
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rauge of the magnetic field B. The magnetic field near the core of a GRB or a blazar reaches
high values. We adopt the average value of B = 10” G. By appealing to the Hillas criterion
[37] we obtain a range for the magnetic field of the order of 10° km. Then the set of values
R=10"3cm, fpg = 1012GeV, B = 10" G, E = 500 GeV, At = 4min, implies for the shape
parameter the value Ak ~ 1 [27]. Monitoring the astrophysical sites, where high energy photons
are produced in the presence of strong magnetic fields, might be revealing. We might observe
the disappearance of high energy photons connected to the photon-KK axion transition. Or,
we might notice the sudden appearance of high energy photons, connected to the intrusion of
KK axions from the bulk into the brane.

4 Conclusions

We analyzed the situation where the left-handed muon neutrino of the standard model mixes
with a right-handed neutrino experiencing a large extra space dimension. This mixing induces
neutrino oscillations, even if the neutrino itself is massless. We encountered novel features
compared to the standard oscillations, since the mixing involves an infinity of KK states. A
rich resonance structure appears accompanied by many spikes. We emphasized that the 1
km? neutrino telescope may be used as an instrument to explore the bulk space and establish
unambiguously the existence of extra dimensions with R > 1 um.

We studied also the photon-axion oscillation in the presence of extra dimensions. Next to the
standard scales, a new scale is introduced, the size R of the extra dimension, or its inverse the
KK mass excitation. An MSW-type resonance occurs at high energies between the photon and
the KK axion. This resonance transition A (v — a — =) allows the photon to travel unimpeded
from a dense and opaque medium, offering the ground for a rich phenomenology. It is highly
plausible that our brane is curved creating the possibility of shortcut through the bulk. We
suggested that an axionic shortcut may be at the origin of the dispersion in the time arrival of
the photons observed by the MAGIC telescope.
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We report on the latest work on microwave frequency hidden sector photon searches per-
formed at The University of Western Australia (UWA). This includes recent efforts to
design an experiment to try and constrain the strength of photon / hidden sector photon
mixing via measurements of resonance frequency shifts in a pair of microwave resonant
cavity structures.

1 Light shining through a wall

One of the most sensitive laboratory-based search techniques for hidden sector photons (and
similar particles) is the Light Shining through a Wall (LSW) experiment, whereby photons are
generated on one side of an impenetrable barrier and then photon detection is attempted on the
other side, presumably having crossed the barrier by mixing with hidden sector photons. In the
microwave domain, mode-matched resonant microwave cavities can be used for the generation
and detection of photons (Fig. 1). Experimental sensitivity is ultimately dictated by cavity
design and losses, amount of power in the emitting cavity and noise in the detecting cavity and
readout electronics.

In our most recent work the emitting cavity was a room temperature copper cavity housed
in a vacuum chamber. A loop oscillator circuit and temperature control was used to prevent
frequency drifting. The detector cavity was a superconducting niobium cavity operated at 4 K,
the first stage amplifier had a noise temperature of 4 K. The TMgyo resonant mode was used
with a frequency of 12.8 GHz. Bounds obtained for photon-hidden sector photon mixing are
shown in Fig. 2 [1].

2 Hidden Sector Photon coupling of resonant cavities

LSW experiments focus on the one way flow of hidden sector photons from a driven emitter
cavity to an undriven detection cavity. However, it is also possible to treat the two-way ex-
change of hidden sector photons as a weak coupling between the cavities, creating a system
analogous to two spring-mass oscillators connected via a third weak spring. When both cavities
are actively driven the hidden sector photon mediated coupling will cause a phase-dependent
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Figure 1: Schematic of detector cavity and readout circuit for a LSW search. FFT = Fast
Fourier transform vector signal analyzer, LPF = low pass filter, SG = signal generator and
AMP = amplier. The dashed rectangle represents the cryogenic environment..
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Figure 2: Limits on the kinetic mixing parameter, x, as a function of hidden sector photon
mass. The mass range corresponds to frequencies from 240 MHz to 24 GHz. Different shaded
regions correspond to bounds obtained by other experiments, with the bounds from this work

presented in black.
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shift in the resonance frequencies and quality factors of the system. This opens up the pos-
sibility of conducting experiments that constrain the strength of photon-hidden sector photon
mixing by observing this coupling induced resonant frequency shift. With careful experimental
design these searches could be more sensitive than standard LSW measurements [2].

The effect on the cavity resonance frequencies due to coupling is demonstrated in Fig. 3.
Strength of the coupling can be manipulated through alterations or modulations of the two
cavity fields, geometries and relative positions. Figure 4 sketches out how an experiment could
be made to constrain the kinetic mixing parameter, y, with a measurement of frequency.

Fractional Frequency (w / wy)

Detuning x ( )(2)

Figure 3: Log-Log plot of resonant frequencies relative to a common central frequency, wg, as
a function of detuning for a pair of cavities that are coupled (black, full) and uncoupled (gray,
dashed). The detuning, x, is given as a factor of the square of the hidden sector photon kinetic
mixing parameter, x.

3 Other work

Ongoing areas of research include new measurement techniques for microwave cavity-based
axion and WISP searches and further development of hidden sector photon resonant cavity
coupling and LSW experiments.
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+ ~ WRpr
W, — Wrgp

wREF CU+
w

N—

Figure 4: Sketch of experimental concept. The top cavity is compared against a stable frequency
reference while the bottom cavity is used to manipulate / modulate the strength of the coupling.
The resonance frequency of the top cavity will change between w; and w;.
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We discuss the impact of a hidden sector consisting of Minicharged Particles (MCPs) and
massless hidden photons on the expansion history of our Universe. We present parameter
scans for the amount of extra relativistic particles (Neff) and the abundance of light nuclei
for fermionic MCPs with masses between ~100 keV and 10 GeV and minicharges in the
range 107! — 1. Current CMB and BBN data significantly constrain the available param-
eter space of MCPs. The shown results are a valuable indicator for future experimental
searches and are presented in a flexible way so that more accurate results on Neg can be
easily interpreted.

1 Minicharged particles

Minicharged Particles (MCPs) naturally arise in extensions of the Standard Model (SM) with
an additional local hidden gauge group U(1)y. The hidden photon (HP) associated with this
U(1)y, does not couple to any SM particle but mixes kinetically with the SM photon

X v
£ == _§FHVFIM 3

where x is the kinetic mixing parameter, F},,, is the photon field strength tensor and F'*” is
the field strength tensor of the HP. We assume that the U(1)y, is unbroken. Hence, the HP is
massless. It would be unobservable because the mixing can be removed through a field redefi-
nition. The kinetic mixing becomes unphysical.

The HP field has observable consequences in a minimal extension of this model with a (fermionic)
field f, the hidden fermion. It is only charged under the U(1), with a coupling strength ¢'.
This makes y a physical parameter because transforming the kinetic mixing away induces an
effective coupling of the hidden fermion to the SM photon with a coupling strength ¢'x. Since
the hidden fermion couples to the SM photon, it carries an effective electric charge. It is useful
to define

g'x = ee,

where e is the electron charge and e is the minicharge. Since € can be small, f is called a
minicharged particle. It is fully characterized by ¢’, € and its arbitrary mass m;.
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Figure 1: Isocontours of Neg at the CMB epoch (left) and primordial Helium yield Y, (right)
as a function of my and €, for ¢ = 0.1 . Numbers correspond to the value of the closest
contour line. Left: Dark green: Neg ~ 3, light green and yellow Neg ~ 3.5 — 4.5, Orange
and red Neg > 4.5. The red dashed line shows the 95% upper exclusion limit N.g = 3.84
(Planck+WP+highL.+BAO) by Planck [1]. The blue dashed line gives the best fit value Nog = 4
from a combination of BICEP2 and Planck data [2]. Right: Dark green coloring denotes regions
far away from the upper limit Y, < 0.263 [4]. The limit is given by the red dashed contour line.
Orange and red regions are excluded on more than a 95% CL.

2 Impact on the CMB and BBN

Due to the small charge, HPs and MCPs will be produced in the early Universe to some extent.
Both of them will then contribute to the energy density of radiation during the formation of
the CMB anisotropies. The impact of light degrees of freedom on the CMB is parametrized
with the effective neutrino degrees of freedom N.g. They are defined as

PDR
Neff P

plu*

where ppr is the energy density of dark radiation (DR), i.e. all relativistic particles that are
not strongly coupled to the SM photon at the CMB epoch, pi1,. is the energy density of one
neutrino species which instantly decoupled from the electron-photon plasma before BBN. All
densities are evaluated at times corresponding to the formation of the CMB anisotropies. Neg
scales like (Tpr/ T’y)4~ It is, hence, very sensitive to temperature changes.

In the SM the three neutrinos contribute Neg = 3.04 [5] after correcting for non-instantaneous
decoupling. The most precise observations to date come from the PLANCK collaboration.
They set an upper limit of Neg < 3.84 at 95 % CL on the number of relativistic degrees of
freedom at the CMB epoch. This value is obtained by fitting a Cosmological model to the data.
The limit is conservative since it does not use the controversial value for the Hubble rate today,

Hy, obtained from local astrophysical measurements. Local measurements prefer a higher value
for Neg. Also the disputed result obtained by BICEP2 [6] suggests a higher value, Nog = 4 [2].
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In order to compare the predictions of models with minicharged particles to the observations,
we have to accurately compute the energy density of dark radiation at the CMB epoch. We
numerically solve a set of Boltzmann-like equations that parametrize the energy transport
between SM particles and the dark sector (DS) consisting of HPs and MCPs

psm + 3H (psm + Psm) = —W,
pps + 3H (pps + Pps) =W,

where p (P) is the energy density (pressure) of the DS and the SM particles, H is the Hubble
parameter, the dot is a derivative with respect to physical time and W is a generalized collision
term that gives the energy transported from one sector to the other.

For the computation we assume that the DS is always in thermal equilibrium with itself. It
is fully characterized by a common temperature Tps and my. Following the spirit of a dark,
weakly coupled sector we initially set Tpg = 0. The DS is then produced by the SM particles
during the evolution of the Universe. In order to compute this thermalization as accurately
as possible we include all SM particles and light mesons and all relevant processes in our
computations. It turns out that for Tps < T, DS particles are most efficiently produced by
SM particle pair annihilation (e — ff). When Tphg approaches the SM temperature Coulomb-
like scattering (ef — ef), regularized by plasma screening, and (for large ¢’) Compton-like
scattering (vf — 7' f) become the most important processes.

We scan over a wide range of parameters my,e for g € {1072,0.1,1}. The constraints for
g’ = 0.1 are the most conservative. For g = 1072 the results are indistinguishable from the
results with ¢’ = 0.1 because in this case the dominant processes are o< ec = ¢’y. A change in
g’ can be compensated by a corresponding change in y but leaves € unchanged. The bounds
for g’ = 1 are stronger because Compton-like scattering (yf — 7/ f), which is oc g"*x? ~ g'%€?,
becomes dominant for high ¢’. Increasing ¢’ cannot be compensated by a shift in y anymore if
€ is fixed. For ¢’ = 1 the DS and SM particles equilibrate faster.

Our result for g = 0.1 is presented in Fig. 1 (left). The sudden increase for small kinetic mixing
e ~ 1078 corresponds to partial thermalization of the DS with the SM photon. The behavior
for large € can be understood analytically. The DS fully thermalizes and after decoupling its
temperature at the CMB epoch is given by entropy conservation. For more details see [3].
Another primordial probe is BBN. The DS changes the formation of nuclei. The most sensitive
probe is the yield of primordial helium Y,,. By adjusting the BBN code of [7], we computed Y,
using the data of our CMB simulation. The result is shown in Fig. 1 (right). We use Y, < 0.263
at 95% CL [4] as a conservative upper bound.

3 Conclusions

Figure 1 shows that, using PLANCK’s limit, the CMB anisotropies still allow for light minicharged
particles in the range my ~ 5 MeV for a wide range of minicharges e. This parameter space
is, however, disfavored by the abundance of primordial helium. Using these two results we set
a lower limit on the hidden fermion mass of my 2> 390 MeV for € > 10~7. A compilation of
this result with earlier approaches using astrophysics, Cosmology or laboratory experiments is
shown in Fig. 2.

If BICEP2 has observed primordial gravitational waves, the limit on MCPs from the CMB
anisotropies vanishes and BBN gives the most stringent bounds. Further research is needed to
clarify the role of BICEP’s observations. Since the question of the existence of additional light
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degrees of freedom cannot be settled with the current data, we present our results in a flexible
way. Future more accurate values of N.g are to be expected. Using the predicted accuracy of
CMBPol [8], PLANCK’s current mean value Neg = 3.30 [1] could be detected at ~ 5o.
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Figure 2: Exclusion plot for MCPs from various experiments and observations. The constraint
from the amount of helium Y}, produced during BBN (dark blue) and from light extra degrees
of freedom N.g by Planck (light blue) described here have been obtained in [3].
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Faces & Places

ASTROPARTICLE PHYSICS

CERN hosts Patras Workshop on
Axions, WIMPs and WISPs

The Patras
Workshop
returned to CERN
in July for its

10th anniversary,
having begun
there in 2005. The
initial aim was to
provide academic
training to the
new generations
of scientists
working within
the EU’s Integrated Large Infrastructure
for Astroparticle Science network. which
covered the already mature field of
astroparticle physies (CERN Courier July/
August 2006 pl9). Following increasing
worldwide interest in the workshop. the
organizers widened its agenda. inspired
by the possibilities that are opening up

in ongoing searches for exotica such as
axions, WIMPs. etc. Results from direct
and indirect searches for axion-like
particles (ALPs). also dubbed weakly
mteracting slim (light) particles (WISPs),
and new, more sensitive searches for
electric-dipole moments, were also covered
in the latest workshop. Participants from
more than 40 institutions around the world
had the opportunity to present their latest
results and discuss detector-upgrade

plans and exciting new ideas for future
research. As a result of the high number of
participants, the programme also included
a poster session for the first time.

Speakers covered diverse new approaches
in dark-matter. dark-energy and neutrino
physics, including astrophvsical observations,
as well as novel ideas for detection using
state-of-the-art instrumentation. In his
opening address. CERN's director-general,
Rolf Heuer. emphasized that following the
discovery of a Higgs boson. there remain
big questions related to the hidden side
of the universe. The talks that followed
demonstrated the breadth in experimental
searches for constituents of dark matter
and dark energy. from direct searches for
WIMPs in underground experiments with the
lowest noise. axion or WISP searches with
cavity and “light-shining-through-a-wall”
experiments, and not-so-indirect searches
in specific solar or cosmic observations
with orbiting equipment. to searches at the

LHC. Hidden photons and gauge bosons of
various kinds are also being searched for with
accelerators and solar observations. Theories
span an even greater breadth. as manifestin
the mass range of the expected exotica.

The Patras programme traditionally
features results, theoretical ideas and
exciting projects bevond the main focus
of the meeting. This time, participants
heard about the latest results from space
X-ray missions. the Indian SOXs and
the Chinese Chang 'El. Data from both
missions are being re-analysed to search
for overlooked signatures of dark-matter
or dark-energy constituents in their solar
X-rav observations.

Upgrade plans were also presented
at the workshop. The performance of
experimental techniques —either in use
or suggested — to unravel the nature of
the enigmatic dark sector is advancing
impressively. with a remarkable overlap
between LHC physics and astroparticle
physics. The state-of-the-art equipment
used faces two extreme situations: the
LHC experiments have to deal with
unprecedented high background rates,
while the dark-matter/dark-energy
searches with the lowest signal levels
require ever increasing background
screening. Here. equipment developed
for high-energy phyvsics and other
disciplines finds an increasing number
of applications in astroparticle physics.
Micromegas detectors. powerful magnets
and high-sensitivity antennae in the
sub-electron-volt range. for example. are
typical of the interdisciplinary character of
many experiments that are being upgraded
or are in the conceptual-design phase.

In the spirit of the workshop series,
discussions were lively and the atmosphere
friendly, although occasionally not without
scientific controversy. A number of new
ideas were presented. mostly highly
interdiseiplinary in character. profiting
from the strong synergies developed
between theory and experiment. By
bringing together experts working on
so many diverse topics. the workshop
confinues to contribute to the ongoing
scientific revolution in astroparticle physics
to uncover the unknown universe.
® For more information. visit http://
axion-wimp2014 desv.de/.






