Proceedings of the

oth Patras Workshop

on Axions, WIMPs and WISPs

23-28 June 2013
Mainz, Germany

R4

= “Editorsy— ,
== Uwe Oberlack

||"|: |-

P|erre Sissol -

= o
—— o e
- '-l =y
‘-ﬁl = H
i = - o
:irﬂ-r-r _______ -_!_—.-.'
e ., kE -
-, [ . 23
i _...--.1'."
. = - -
e — -
— g
-
]
e



Impressum

Proceedings of the

9" Patras Workshop
on Axions, WIMPs and WISPs 2013

June 24-28, 2013, Mainz, Germany

Conference homepage
http://axion-wimp2013.desy.de/

Slides at
http://axion-wimp2013.desy.de/e201031/

Online proceedings at
http://axion-wimp2013.desy.de/e201113/

The copyright is governed by the Creative Commons agreement, which allows for free use and distribu-
tion of the articels for non-commertial activity, as long as the title, the authors’ names and the place of
the original are referenced.

Editors:

Uwe Oberlack, Pierre Sissol
November 2013
DESY-PROC-2013-04
ISBN 978-3-935702-83-6
ISSN 1435-8077

Published by

Verlag Deutsches Elektronen-Synchrotron
Notkestralle 85

22607 Hamburg

Germany

ii



Organizing Committee

Uwe Oberlack (Chairman)

Institute of Physics and PRISMA Cluster of Excellence
Johannes Gutenberg University Mainz

Staudingerweg 7

55128 Mainz

Germany

Vassilis Anastassopoulos and Konstantin Zioutas
Department of Physics

University of Patras

26504 Patras

Greece

Laura Baudis
Physik Institut
University of Zurich
Winterthurerstr. 190
8057 Zurich
Switzerland

Jorg Jackel

Institute for Theoretical Physics
University of Heidelberg
Philosophenweg 16

69120 Heidelberg

Germany

Axel Lindner and Andreas Ringwald
Deutsches Elektronen Synchrotron (DESY)
Notkestr. 85

22607 Hamburg

Germany

Marc Schumann

Albert Einstein Center for Fundamental Physics
University of Bern

Sidlerstrasse 5

3012 Bern

Switzerland

iii



Local Organizers

Uwe Oberlack,

Pierre Sissol,

Silvia Miiller,

Rainer Othegraven and

Melanie Scheibelhut

Institute of Physics and PRISMA Cluster of Excellence
Johannes Gutenberg University Mainz

Staudingerweg 7

55128 Mainz

Germany

Barbara Wittmann

Deutsches Elektronen Synchrotron (DESY)
Notkestr. 85

22607 Hamburg

Germany

iv



Preface

Another exciting and lively PATRAS meeting - meanwhile the 9th of this series! With about 90 par-
ticipants, another increase with respect to the previous year, the meeting shows the continued and still
increasing interest in the broad range of theories and experiments related to Dark Matter of all kinds
and, maybe with particular emphasis this time, to the hidden side of the universe more broadly. It is a
compliment to the initiators of this series that the PATRAS workshop continues to be successful in a
field that is not short of competing meetings.

The talks demonstrated the experimental breadth in searches for dark matter, which range from indirect
searches with satellites such as Fermi or AMS-02 to solar and astrophysical observations, direct searches
in rare event underground experiments, cavity experiments, light shining through wall experiments, to
searches at the LHC. Also hidden photons / gauge bosons of various kinds are being searched for with
accelerator experiments and solar observations. Theories span even wider breadth, which is evident
from merely considering the mass range of hypothetical particles.

At the time of the conference, discussions on low mass WIMPs had just been refueled by the CDMS-II
collaboration with a couple of events of low significance. At the same time, XENON100 firmed up the
description of their low energy threshold, reaffirming the conflict of their limit with hints of low mass
WIMPs. Just recently, at the time of this writing, the LUX experiment with even lower threshold added
strong support to the XENON100 exclusion. The Dark Matter interpretation of a 130 GeV line excess at
Fermi is being questioned as an instrumental artefact. It appears that the level of excitement in the field,
and in the public, is not always matched by the significance of spurious results. The two LHC review
talks at the conference were illustrative of a community somewhere in the limbo between the excitement
about the Higgs discovery and the worry about not finding any hints of “new physics” at the LHC yet.
A number of talks high-lighted current results and the potential of future experiments in the search for
hidden photons at accelerators of lower energy. Various ideas were also presented on new searches with
experiments ~off the beaten path”.

The PATRAS workshop took place from June 24-28, 2013 in Schloss Waldthausen, a castle / conference
center in the outskirts of Mainz, Germany. In the spirit of this workshop series, discussions were lively
and the atmosphere friendly even in scientific controversy. For the local organizers, working with this
congenial crowd of scientists made the organizational part very pleasant. We wish to thank all partici-
pants and all contributors to these proceedings, who gave their time and effort to an inspiring meeting
and to build up this volume. In addition to the proceedings, we would like to point to the slides of the
talks that remain available at the PATRAS workshop website: axion-wimp2013.desy.de. As we dis-
tribute these proceedings, we already look forward to the 10th PATRAS meeting, which will take place
at CERN from June 30th - July 4th, 2014.

Uwe Oberlack and Pierre Sissol
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Chapter 1
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Aharonov-Bohm Effect and Hidden Photons

P. Arias
Pontificia Universidad Catolica de Chile, Casilla 306, Santiago 22, Chile.

DOT: http://dx.doi.org/10.3204/DESY-PROC-2013-04/arias_paola

Signs of hypothetical light gauge bosons from a hidden sector may appear in Aharonov-
Bohm-like experiments. The absence of signal in carried on experiments allow us to set
a modest constraint to the mass and coupling constant of these particles. Our findings
open the possibility to exploit the leaking of hidden magnetic field in a different setup of
experiments.

1 Introduction

Hidden sectors are on vogue nowadays since they are needed to realize popular extensions of the
Standard Model, as Supersymmetry and String Theory. Hidden sectors could be very weakly
coupled to our visible sector through heavy messengers, via loop interactions. As a consequence,
we are left with effective couplings at low energies, that mix both sectors. Prime candidates,
that can emerge from a hidden sector, are hidden photons (HP), i.e., gauge bosons of an extra
U(1) gauge group [1]. These particles, if massive, mix kinetically with photons, leading to
oscillations between both of them.

Several direct and indirect searches have been performed looking for these particles and
many others are being planned for the near future (see ref.[2] and references therein). Even
though HPs are very weakly coupled to photons, they do leave an imprint in several physical
phenomena, for instance, Coulomb law [3]. In the same way, we want to explore signatures the
Aharonov-Bohm (AB) effect [4], can gives us about hidden photons.

2 Aharonov Bohm effect for massive photons

The observable essence of the AB effect is the path-dependent phase, ¢, of an electron wave-
function, which is shifted in the presence of an electromagnetic potential

exp <ie ]{ A- d:z) = exp(iAp) . (1)

Where the phase shift Ay is related with the magnetic flux, ®, enclosed by the path of the
electron, Ay = e®. A theoretical modification of the AB effect under a possible non-zero
photon mass was discussed in Boulder and Deser (BD), [5]. They argue that it is not necessary
for the vector potential to be a gauge field achieve the AB effect, but to be minimally coupled
to matter.

Let us assume a typical AB experiment, with a solenoid of radius a, and a steady current, j.
Following BD, for a massive photon, the equation of motion of the system is the Proca equation.

Patras 2013 3



P. ARIAS

For stationary currents, only the transverse mode survives and the equation of motions becomes
(-VZ2+M?) A =el. (2)

Where M is the photon mass.The current in a magnet solenoid has the form J = @jo(a — p).
Where p and ¢ are cylindrical coordinates.

Imposing a cylindrically symmetric ansatz for the vector potential, of the form A = 2 x
VII(p) we find an equation for II(p)

(02+p710, — M?)T1(p) = ejO(a — p). (3)
Whose solution is given by

11(p) = ~ie |00 = )Ko(mp) [ o' oot + 0~ p) (Kotmo) [ o' otone!) + o) [ o'af otme') ).

’ (4)
The corresponding magnetic field is given by the expression B = V x A. By taking the curl of
the vector potential, we get B = 2¢j0(a — p) + 2M>11(p).

We note that besides the usual solution — confined to the surface of the solenoid — there is a
contribution that leaks out with a range given by M ~!. Therefore, the magnetic flux besides its
normal value, picks up extra contributions from inside and outside the solenoid, coming from
the non-zero mass of the photon.

3 Aharonov Bohm effect for hidden photons
The effective low energy Lagrangian that mixes photons, A, with hidden photons, X, is

1 1
L= FuF" = (GG +

sin y cos? x

2

GuF" + m2, X, X" + J, A" (5)
where F),, is the field strength tensor of photons and G, the analogue for hidden photons.
The quantity x accounts for the strength of the coupling between visible and hidden sectors
and is predicted to be very small [6]. We have also included a mass term for the hidden photon,
m., arising from a standard Higgs mechanism or Stueckelberg mechanism [7].

Kinetic mixing can be removed from the Lagrangian by rotating the fields to a new basis,
with a massless photon and a heavy hidden photon, i.e. Bu = B, cos x, and fl# = A, —sinxB,

In this new basis the equations of motion for (5) read

~V2A = eJ, (6)
(-V2+m2)X = etanyd. (7)

Where we have chosen a gauge such Ay = Xy = 0. The equation of motion for the field A is
the usual equation for a massless gauge field, and the equation for the heavy HP is the same
as the Proca equation we found for a massive photon, eq. (2). We solve, therefore, in the same
way as BD. The magnetic field associated to 5(, given by Bg =V x X, is

By =% etan xjO(a —p) + émg, tan xII(p), (8)

where the function II(p) is given again by eq. (4).

4 Patras 2013



AHARONOV-BOHM EFFECT AND HIDDEN PHOTONS

Now we can_go back and find the true magnetic field, B = V x A. From eq (?7) we have,
A = A + tan xX and taking the curl to this equation we get

V x A =2ejO(a—p)+2etan? xjO(a — p) + 2 m%, tan® xI1(p). 9)

Therefore, we have realize that if a HP mixes with a photon, there is a small component of the
magnetic field in a (confined) solenoid that leaks out of it, both inside and outside the solenoid
radius. Let us note that therefore the effects stops being topological in nature, since there
is actual leaking of magnetic field. This interesting fact opens several detection possibilities,
besides Aharonov-Bohm-type experiments [8].

4 Limit from Aharonov-Bohm-type experiments

In this section we will compute the bound that one can get from an AB experiment. Let us recall
that the phase shift that an electron beam suffers by surrounding the solenoid is proportional
to the magnetic flux enclosed by it

Ap = ed. (10)
Without kinetic mixing, the magnetic flux is given by ®; = ejra?. Assuming a mixing between
photon and HP, ® can be obtained by taking the surface integral of eq.(9), and reads

® = ®g (1 + tan® x) + m2, tan’ x/ II(p)dS. (11)
S

The above formula is however not final yet, since it is not properly normalized. Note that for
m~ — 0, eq. (11) does not recover its natural value, ®y. This is because the electric charge
gets also renormalized by the mixing photon-HP [9].

This issue has been already addressed by Jaeckel and Roy in [10]. They developed a pro-
cedure to get the proper bound from a function, F(x, m., @), where there is also a parameter
« that depends on x. The procedure takes as many independent measurements as the number
of parameters depend on the kinetic mixing in the function F. In our case, we have y and the
electric charge, which we will write in terms of the fine structure constant e? = 4wa, so we need
an extra independent measurement of a (besides the AB experiment). We will consider the
electron g — 2 experiment, worked on [9], since is the most sensitive measurement of «. From
ref. [10] we can write the bound on y as

|AM,| | |AMS|
My Mo

<
= |(nafi(my) = nafa(my))|’
where M;, (i = 1,2), are the two independent measurements of a;, and have the form M; =

c;a™ + x2f; (m.). The parameters AM,; are the absolute uncertainty in the measurement.
The AB experiment provides a measurement on « given by

Ay = dradq + drax o fi(m.). (13)

Where &g = jma® and fi(m.) =1+ (m2,/®o) [¢I(p)dS.

Figure (1) shows our findings. We have considered two scenarios: the green bound considers
a magnetic field of B = 1072 T and the red one is the optimistic scenario, considering a
magnetic field of B = 1 T. Both scenarios assume a sensitivity of the external magnetic field in
the solenoid of AB = 1078 T. The dimensions of the set up are a solenoid radius of a = 0.1 cm
and an electron wavelength range of p = 10 cm.

X2

(12)
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Figure 1: Plot of kinetic mixing parameter (x) as a function of the HP mass (m.s). The gray area corresponds
to parameter space that has been already ruled out. For further explanation see text.

5 Outlook

We have explored the phenomenological consequences of mixing photons and hidden photons
in the Aharonov-Bohm effect. We found that indeed there is a modification, and therefore
the phase acquired by a test electron beam gets an additional shift in the phase. The most
attractive feature is to realize there is actual leaking of magnetic field out of the magnetic
source. This implies that this AB effect — known to be of topological nature — gets an extra
contribution to the phase shift of the electron beam that it has a non-topological nature. We
also showed expected constrains from an hypothetical AB experiment. Further development
will appear soon in [8].
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Theoretical Framework for the Analysis of Hid-
den Light Gauge Boson Searches

T. Beranek»?

nstitut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, D-55099 Mainz
2PRISMA Cluster of Excellence, Johannes Gutenberg-Universitit Mainz, D-55099 Mainz

DOTL: will be assigned

Various kinds of physics phenomena can be probed by electron scattering fixed target
experiments. Recently, fixed target experiments investigating the reaction e(A,Z) —
e(A, Z)IT1~, where (A, Z) denotes a nucleus of atomic number Z, were utilized to search
for physics beyond the Standard Model at modest energies. In these experiments a search
for a small, narrow resonance in the invariant mass spectrum of the lepton-antilepton pair,
arising from the exchange of a new light gauge boson v’ coupling to the dark sector as
well as very weakly to standard model particles, is performed. Such a signal would appear
as an enhancement over a smooth QED background, which therefore requires a precise
understanding of the background. We present a theoretical analysis of the cross sections
describing this process, which are then used to extract exclusion limits on the parameter
space of the 7', and compare our results to existing experimental data taken at MAMI.

1 Cross section calculations for exclusion limits

The calculation of an exclusion limit for the kinetic mixing factor €2, where the coupling of the
7' to charged particles is given by ee, as function of the 7’ mass m,. can be conveniently done
by using Eq. (19) of Ref. [3] as approximation of the signal cross section Ac,/, which relates
Aoy to the direct TL cross section AU;FL given by the diagrams on the two left panels of Fig. 1.
This upper bound for the kinetic mixing factor given in Ref. [3] reads

2_p Aoy 2Na dm

8 =
TL )
Aow 3m m,y

(1)

where R is the exclusion limit for a possible peak found in experiment, Ao,/ Aa3 L is the ratio of
the background cross section Ao, given by sum over all Feynman diagrams of Fig. 1, to Ao3 L
N is a factor accounting for the effective degrees of freedom and dm is the mass resolution.
Therefore the understanding of the background for these kind of experiments is essential. The
precise knowledge of the ratio Ao,/ Aa$ L from theory is crucial to obtain an accurate exclusion
limit. Furthermore, to achieve the best signal to noise ratio, one needs to analyze the kinematic
structure of the individual background contributions. The signal cross section is largest when
almost all energy is carried by the created lepton pair and in addition, the propagator appearing
in the two SL diagrams, (k — k' — l_%)_Q7 is suppressed, if the momentum is distributed nearly
equally between the two leptons of the pair [5]. For beam and pair leptons of the same species,

Patras 2013 7
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Figure 1: Direct tree level Feynman diagrams contributing to the ep — epl™l~ amplitude. Left
panels: Exchange of the timelike boson V' and a spacelike v (TL). Right panels: Spacelike boson
V and a spacelike 7 (SL).
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Figure 2: Left panel: Comparison of theory calculations and experimental data for a m +.-
bin width of 0.125 MeV. Right panel: Angular distributions per 0.5° with respect to the polar
angle of the scattered electron for the MAMI 2010 experiment.

due to the indistinguishability, the amplitude needs to be anti-symmetrized and in addition
to the discussed direct contribution the exchange term contributions need to be included in
the analysis. Due to these contributions such a clean kinematical separation of signal and
background is not possible anymore since the same kinematical structures which enhance the
desired cross section are also contributing to the background cross section [10].

2 Comparison with data and predictions for MAMI and
MESA

As seen on the left panel of Fig. 2, our calculation (solid curve) of the radiative background and
the experimental data (points) [4] are in good agreement. Radiative corrections were estimated
by applying those of the corresponding elastic scattering process. The influence of the radiative
corrections is displayed by the solid and dotted curve in Fig. 2 which are calculated with and
without radiative corrections, respectively. It is obvious from Fig. 2, that the applied radiative
corrections lower the result of the theory calculation by an amount in the range of 10 — 20 %.
Obviously, our approximate treatment of the radiative corrections already provides a very good
description, as theory and data already are in good agreement.

The dashed (dashed-dotted) curve shows the direct TL (SL + TL) cross section. It indicates,
that a large contribution to the cross section results from the anti-symmetrization due to the
indistinguishability of the scattered beam electron and the pair electron.

8 Patras 2013
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Figure 3: Left and center panel: Invariant mass distributions from the feasibility study for
the MESA experiment for selected kinematic settings. Solid curve: SL+TL (direct + ex-
change term), dashed curve: direct TL, dashed-dotted curve: direct SL+TL. Right panel:
Ratio Ao,/ AO’,\T L of different settings for the planned MESA experiment.

The angular distribution with respect to the polar angle of the scattered electron presented on
the right panel of Fig. 2 shows, that for the 2010 A1l experiment the crossed TL amplitude is
responsible for a second peak in the background cross section compared to the direct amplitude
(dashed curve) which only peaks at very forward scattering followed by a rapidly dropping tail.
The exchange SL term nevertheless enhances the tail of the angular distribution significantly.

In 2012 a 4/ search run has been started by the Al collaboration, in which no signal was
found. In this experiment 9 kinematic settings, starting from the one centered around mg+,- =
57 MeV up to one centered around m.+.- = 218 MeV, are probed. For the chosen kinematical
settings, which can be found in Tab. 2 of Ref. [10], we have performed the same calculations as
for the 2010 setting. Due to the particular choice of kinematics in that experiment, the ratio
AO’—Y/AO',};L has a value between 10 — 15 in the probed mass range.

In Figure 4 our predictions for the exclusion limits on £2 for this set of kinematics are indicated
by the dashed curve for an assumed integrated luminosity of around 10fb~*.

MESA is aimed to provide a high intensity electron beam up to beam energies of about
160 MeV and thus should be ideally suited to probe the «' parameter space at low masses.
A feasibility study for carrying out this search by using two small spectrometers has been
performed, assuming a Xenon target in order to obtain as large cross sections as possible [10].
The results for the obtained invariant mass distributions are shown on the right and central
panel of Fig. 3. The kinematical settings we have calculated were chosen in such a way, that the
full so-called (g — 2),, welcome band is covered together with the MAMI 2012 settings, where
the settings were optimized to obtain signal cross sections as large as possible while the QED
background is suppressed. The projected limits from this study are shown in Fig. 4.

3 Conclusions

We have performed a detailed study of the underlying process of fixed target 7/ searches. A
comparison of our calculations with a sample of data taken at MAMI has been performed.
We find that, after applying the leading order QED radiative corrections for the corresponding
elastic electron-hadron scattering process, our calculations and the data sample are in good
agreement. Using the cross sections obtained in our analysis, we are able to provide predictions
for the expected exclusion limits for MAMI and MESA. Following our predictions, the exper-
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Figure 4: Compilation of existing exclusion limits and our predictions in the parameter space
region currently accessible at fixed-target experiments. A detailed discussion of the different
limits can be found in literature, e.g. Refs. [3, 4, 6, 10, 11]. The prediction of this work for
the exclusion limit expected for the MAMI 2012 experiment is depicted by the dashed curves.
The prediction for MESA is indicated by the dotted (dashed-dotted) curve for the setups with
a central scattering angle of 10° (20°).

iments at MAMI and MESA will be able to probe the entire (¢ — 2),, welcome band and in
addition, increase the existing limits by one order of magnitude.
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1 Introduction

A hypothetical dark photon, denoted here as 7/, is a massive force carrier of an extra U(1) gauge
group as predicted in almost all extensions of the Standard Model!. In string theory the mass of
such a dark photon cannot be predicted and experimental searches are indeed ongoing from very
small mass scales, e.g. axion-like scales, to the highest scales at the LHC. More recently, dark
photons on the MeV to GeV mass scale are at the focus of interest. This is due to the fact that
Arkani-Hamed et al. [1] as well as others have suggested that such a dark photon could couple
to dark matter, which would also explain quite a large number of astrophysical observations,
such as e.g. the positron excess in the cosmic ray flux. Furthermore, it was realized that the
presently seen deviation between the Standard Model prediction and the direct measurement
of the anomalous magnetic moment of the muon, (g — 2),, on the level of 3 to 4 standard
deviations [2] could also be explained by a GeV-scale dark photon. The interaction strength of
the dark photon with Standard Model matter is governed by the mechanism of kinetic mixing
[3]. The coupling can be subsumed by an effective coupling constant € and a vertex structure
of a massive photon.

(a) //V' (b) //)’/

Y
Y
Y
Y

Figure 1: Electromagnetic production of the 7' boson in electron-nucleus scattering.

The above mentioned dark photon explanations of a series of astrophysical as well as particle
physics puzzles have motivated searches for a GeV-scale dark photon in a world wide effort.
Bjoerken and collaborators [4] have pointed out that low-energy electron accelerators for fixed-
target experiments — such as the Mainz Microtron MAMI - in combination with high resolution

Mn literature the dark photon is also denoted as A’, U, or ¢.
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spectrometers — such as the Al setup in Mainz — are indeed ideally suited for such kind of
searches. The production of the dark photon appears as an initial state radiation (final state
radiation) process at the vertex of the reaction, see Fig. 1. Since the coupling is small, the
cross section for the electromagnetic production of the 7/ boson can be enhanced by a factor Z2
by choosing a heavy nucleus as the target. The subsequent decay of the 4" boson to a lepton
pair is the signature of the reaction. Background processes are given by reactions where an
ordinatory photon is radiated off the electron rather than a +’. Also t-channel QED diagrams
contribute to the background significantly. A dark photon would appear as a bump on top of
the background in the electron-positron invariant mass spectrum. This requires therefore high
intensity beams as well as high mass resolution to find a significant signature.

2 MAMI Searches for the Dark Photon

The Mainz Microtron MAMI [5] accelerates electrons in the energy range from 180 MeV to
1604 MeV with intensities up to 140 pA. The search for the +' boson is carried out by the
A1 collaboration with the high-resolution spectrometer setup [6]. The spectrometers feature a
very high momentum resolution of approximately 10~ as well as good PID capabilities and an
excellent time resolution.

2.1 2010 Pilot Run

In 2010 a pilot run took place at MAMI with the primary goal to investigate up to which
extent additional background sources need to be taken into account beyond QED processes. An
unpolarized beam with an energy of 855 MeV was incident on a tantalum target. Luminosities
in the order of 103%cm™2s~! were achieved in this experiment. For the detection of the electron-
positron pair, two high-resolution spectrometers of the A1 setup were used. The particles were
detected by vertical drift chambers for tracking and scintillator detectors for trigger and timing
purpose. In addition, a threshold-gas-Cerenkov detector was used in each arm to discriminate
between electrons or positrons and pions. The kinematics of the reaction was such, that almost
a complete energy transfer of the virtual photon on the potential dark photon was achieved.
The two spectrometers were sensitive to decays in electrons and positrons with equal momenta.
It was shown in Monte Carlo simulations that such a configuration suppresses background most
effectively.

Apart from the well known QED channels no indications for additional background was
found. From four days of data taking indeed a competitive exclusion limit could be extracted,
which is shown as the yellow area in Fig.2 and which was published in Ref.[7]. The plot shows
the hypothetical coupling of the 7' to Standard Model matter €2 versus its hypothetical mass
m.. Recent limits had been obtained by Babar [8] and KLOE [9]2. Shown are also old exclusion
limits from beam dump experiments at SLAC and FNAL. The grey areas are exclusion limits
obtained from the (g—2), of the electron as well as the (g—2),, of the muon. If one assumes that
the presently seen deviation on the level of 3.6 between the Standard Model prediction and the
direct measurement is due to a missing contribution of a dark photon in the (¢—2), calculation,
one obtains a prediction for the possible parameter range of the dark photon [11]. As can be
seen, a significant progress has been achieved at A1/MAMI compared to the existing Babar
exclusion limit at masses from 220 MeV to 290 MeV. The plot demonstrates impressively the

2In the meantime a new exclusion limit has obtained also from the WASA collaboration at COSY [10]
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Figure 2: Existing as well as planned exclusion limits for the possible parameter space of
the dark photon. Shown is the coupling of the +' to Standard Model matter €? versus its
hypothetical mass m.,. See text for further explanations.

potential of high-intensity fixed target experiments. After the publication of Ref.[7] a correction
of the published MAMI limit has been calculated in Ref.[12]. The correction is related to an
issues in the theoretical treatment of the QED background, which in consequence weakens the
MAMI limit. The JLab experiment APEX has published a similar exclusion limit at somewhat
lower invariant masses [13].

2.2 Data Taking 2012 and 2013

In 2012 and 2013 two data taking periods took place at MAMI with in total nine invariant
mass settings of the spectrometers. The analysis of data is in an advanced state. The green
exclusion bands in Fig.2 show the sensitivity as expected from simulation. The mass range
between approximately 50 MeV and 210 MeV can be covered in these settings with €? values
in the order 1076 . This allows to test a significant part of the parameter range motivated by
(9—2),. With respect to the pilot run the target has been changed from a single Tantalum foil
to a stack of 12 strips. This allows to reduce effects of multiple scattering in the target while
keeping a very high luminosity. Furthermore, while during the pilot run the beam current was
limited due to a relatively high level of radiation in the experimental hall, in 2012 and 2013 the
MAMI intensity was limited due to a high rate in the focal plane detectors of the spectrometers.
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2.3 Displaced Vertex Technique

In near future a beam time for dark photon searches is planned which will allow to test the low
€2 range around 1070 for dark photon masses from 50 MeV to approximately 140 MeV. This
will be possible with a dispaced vertex technique. The primary target will be heavily shielded
for this experiment and the geometrical acceptance of the spectrometers will be adjusted such
that only dark photons with a mean decay path of several centimeters can be detected. Such a
lifetime corresponds to very low €2 values.

3 Perspectives for Dark Photon Searches at MESA

The construction of the Mainz Energy Recovering Accelerator MESA [14] offers new possibilities
for dark photon searches especially at low masses. The existing MAMI accelerator is incapable
of studying the mass range below 50 MeV due to the lowest possible beam energy of 180 MeV
and the geometrical constraints of the spectrometers. MESA will be operated for dark photon
experiments in an ERL (Energy Recovering LINAC) mode with beam intensities of up to 10 mA.
The combination of an internal gas target together with the very high beam current provides
high luminosities of at least 103*cm~2s~! while minimizing the effects of multiple scattering.
We have performed a feasibility study assuming a setup of high-resolution spectrometers with a
similar performance as the A1l setup. Using a Xenon gas target, one achieves sensitivities as the
ones shown in in red in Fig.2. Such an experiment in combination with the measurements at
MAMI will finally cover the entire parameter range for the dark photon suggested by (g — 2),,.
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In recent years much interest has been given to new physics models which have hidden
sectors with massive, extra, U(1) gauge bosons, so-called heavy photons (or dark photons
or A’). Such theories received a lot of attention as a possible dark matter explanation
for the larger than expected numbers of cosmic-ray electrons and positrons. The Heavy
Photon Search (HPS) and APEX experiments at Jefferson Lab are designed to look for
these heavy photons in the mass range 20-1000 MeV that couple to electrons through
kinetic mixing with couplings o’ /a in the range 107° to 107'°. The HPS will search for
the ete™ or pT ™ decay of the heavy photon, possibly with a displaced vertex, using a
compact forward spectrometer, while the APEX experiment will use the spectrometers of
Hall-A at Jefferson lab.

1 Introduction

It is by now well established that the universe consists of approximately 26% Dark Matter
(DM), and that there are no candidates for this DM in the Standard Model (SM) of particle
interactions [1]. A particle based explanation for DM would thus require extensions of the SM,
exhibiting hidden sectors of particles that interact only very weakly with SM particles. Such
Beyond the Standard Model (BSM) theories often have additional U(1) gauge symmetries with
associated gauge bosons, also known as heavy photons, dark photons, or A’ [2, 3, 4]. As was
pointed out some time ago by Holdom [5], this new vector particle will kinematically mix with
the SM photon through the interaction with massive fields. This mixing can be recast as a
coupling of the A’ to electric charge e, where the expected strength of o/ /a = €2 is in the
range 107> to 10710,

Several recent theoretical models have explored the interactions of an A’ with dark matter
in a hidden sector[6, 7, 8, 9]. These theories favor a mass range range for the A’ derived from
the weak scale, in the MeV to GeV range, which could be used to explain several observed
astrophysical phenomena [10, 11], including the excess of positrons observed by Pamela [12],
Fermi-LAT [13] and AMS [14]. Furthermore an A’ in the lower part of this mass region could
account for the anomalous magnetic moment of the muon [16].

The parameters space of o/« versus m 4 is still only partially constrained by cosmological
phenomena and experiment [4], leaving the interesting region in the MeV to GeV mass range
largely unexplored. This region can be ideally accessed using high-intensity electron beams,
using a high Z fixed-target and either dedicated or existing spectrometers [17]. In such an
experiment the heavy photons are produced in a process similar to bremsstrahlung, where
the electron looses most of its energy to a radiated A’ particle, which will predominantly be
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(a) (b) (©)

Figure 1: Left (a): Radiative A’ production by an incoming electron off a target nucleus with
charge Z. The A’ subsequently decays to an electron-positron pair. For larger mass A’, with
mas > 2my,, the decay will also go to a ptp™ pair, and for ma > 2m, to a 77~ pair.
Center and Right: Background due to QED trident production, (b) radiative process and (c)
Bethe-Heitler process.

produced along the direction of the beam, as is illustrated in Figure 1. This A’ will then decay to
an eTe™ pair (or if sufficiently, heavy a u*p~ or 77~ pair), which will be highly boosted in the
direction of the beam, necessitating detection at very small scattering angles. An experiment
will thus require very high luminosity to overcome the small production cross-section, and a very
forward, high rate, high resolution spectrometer to detect the produced lepton pair. The A’
signal will then be searched for as a small, narrow, peak in the eTe™ invariant mass on a smooth
background. The main background to such an experiment will be QED trident production, the
Bethe-Heitler and radiative production of electron-positron pairs. The radiative term of this
background is indistinguishable from the main A’ production process, but the dominant Bethe-
Heitler background can be suppressed using kinematic selection, either in the experimental
trigger, or through the spectrometer settings. This works because the radiative tridents, and
hence the A’ signal, are produced very forward with the electron-positron pair carrying most of
the beam energy, while the recoiling electron is soft and scatters at a wide angle. In contrast, the
Bethe-Heitler process favors asymmetric configurations with one energetic, forward electron or
positron and the other constituent of the pair much softer. See the appendix in [17] for a more
detailed explanation. Another way to suppress both backgrounds compared to the A’ signal is to
look for a displaced vertex for the ee™ pair. Since the decay length of the A’ is approximately

yer &~ 1 mm (%) (10_8%) <W)7 for small coupling constants and moderate to small

masses the decay length becomes appreciable. This allows for a cut in the data analysis on the
vertex of the eTe™ pair, reducing the prompt background significantly.

2 The APEX Experiment

The A-Prime Ezperiment (APEX) [18, 19] will search for A’ particles in the mass range
50 MeV /c? < ma < 550 MeV/c? with coupling strengths € = o//a = 6 x 10~7. This ex-
periment will use the high current continuous electron beam available at Jefferson Laboratory
in combination with a special multi foil tungsten target to get to very high luminosities. The
existing high resolution spectrometers (HRS) in Hall A [21] will be used to detect the eTe™
pair. These spectrometers can detect particles down to an angle of 12°. By placing dipole sep-
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tum magnets between the target and the spectrometers the particle tracks are bend outwards,
making it possible to detect the electron and positron down to angles of about 4° to 5°. This
experimental setup is illustrated in Fig. 2.

The Hall-A spectrometers have a momentum
acceptance of about ép/p ~ 9% at a momentum
resolution of 10™%, a horizontal angular accep-
tance of +30 mrad and a vertical acceptance of
460 mrad [21]. This limited acceptance in angle
and momentum selects a particular set of kine- Beam
matics for each spectrometer setting, which can be W target
used to effectively select the signal and radiative
tridents and suppress the dominant Bethe-Heitler
background.

In July of 2010 the APEX experiment ran a
one week test run in Hall A at Jefferson Labora-
tory [20], using a 2.2604+0.002 GeV electron beam
at currents up to 150 pA on a single tantalum tar-
get foil of thickness 22 mg/cm?. The experiment
accumulated a final sample of 770,500 events, con-
sisting almost entirely of true ete™ coincidences,
with only a small (0.9%) contamination of mesons and 7.4% accidentals. Because the HRS
spectrometers have excellent momentum resolution of O(10~%), the invariant mass resolution
of the experiment is dominated by the angular resolution. The three dominant contributions
to this resolution are the multiple scattering in the target, the track measurement errors by the
HRS detectors and the imperfect knowledge of the magnetic optics. For the full experiment,
multiple thin target foils will improve the multiple scattering contribution, and a new active
sieve slit will improve the measurement of the spectrometer optics.

The results of the test run and the expected full APEX sensitivity are discussed in section 4.

Figure 2: Schematic setup of the APEX ex-
periment, showing the target, septum mag-
net, main spectrometer magnets and detec-
tor packages.

3 The Heavy Photon Search Experiment

The Heavy Photon Search experiment (HPS)[22, 23, 24] will search for A’ particles in a mass
range of 20 MeV /c? < m 4 < 1000 MeV /c?, with coupling strengths €2 = o’ /a > 107° to 10710,
This experiment will use a new, dedicated, compact forward spectrometer in Hall B at Jefferson
Laboratory. The experiment will use the continuous electron beam with energies ranging from
1.1 GeV to 6.6 GeV and currents up to 500 nA on a thin tungsten target of radiation lengths up
t0 0.25% Xy. An intriguing additional physics signal for the HPS experiment will be the possible
discovery of true muonium, an u*u~ bound state that has so far eluded detection [25, 26]
The HPS experimental setup, shown in Fig. 3, uses a three magnet chicane, with the middle
dipole magnet, the Hall-B pair spectrometer dipole, used as the analyzing magnet for the
spectrometer. Inside this magnet a vacuum chamber is fitted with the target on a moving
target ladder at the upstream edge. This vacuum chamber also houses the Silicon Vertex
Tracker (SVT) [27], which consists of six measurement layers, each consisting of two pairs of
silicon strip detectors. All the HPS detector elements are split into a top and bottom half with
a gap in between, the “dead zone”, extending a scattering angle of 15 mrad. This gap, which
is only £1.5 mm at the location of the first sensor, allows the primary and degraded electron
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Figure 3: Engineering layout of the full HPS detector, showing the three dipole magnets of
the chicane, the Silicon Vertex Tracker (SVT), the Electromagnetic Calorimeter (Ecal) and the
Muon System.

beam to pass through without further interaction. The first three tracking layers are optimized
for obtaining an excellent vertex determination (Az ~ 1 mm), and are placed at 10, 20 and
30 cm from the target, with the second layer at a 100 mrad stereo angle. The next three layers
of the tracker are optimized for missing mass resolution (dm/m =~ 1%), and are placed at 50,
70 and 90 cm from the target at a 50 mrad stereo angle. The 23,004 channels of the SVT will
be continuously readout at 40 MHz using the APV25 readout chip, which will read six data
samples per hit, allowing for a timing resolution of = 2 ns and a S/N > 25, resulting in a spacial
resolution of ~ 6 pm.

The tracking volume is followed by an Electromagnetic Calorimeter (Ecal), which is used
for particle identification and for triggering the experiment. The Ecal consisting of 442 PbWQO,4
crystals arranged in 5 layers each for the top and bottom half of the detector. In between the
two halves is a vacuum box for the electron beam, which has been carefully designed to minimize
interactions of the multiple scattered and degraded electron beam. Each Ecal crystal is read out
by an avalanche photodiode, which is connected to a pulse shaping preamplifier whose signal is
digitized by a JLab FADC250, a 250 MHz flash ADC. From there the pulse height and timing
signals of the individual crystals are combined into clusters in a Field Programmable Gate
Array (FPGA), and then passed on to the trigger logic. The trigger logic is also programmed
into an FPGA and is capable of using the energy and location of the clusters to select between
the signal and radiative events and those caused by accidental coincidences. This trigger logic
reduces the trigger rate from close to 2 MHz down to a more manageable 35 kHz.

Behind the Ecal there will be a muon detector, build from alternating layers of iron absorber
and plastic scintillator. The design details of this detector are still being optimized.

A simplified version of the full HPS detector was constructed and took data during a test
run in May 2012. This was just before the accelerator shutdown and subsequent upgrade from
6 GeV to 12 GeV, and due to scheduling constraints there was no dedicated beam time available
with an electron beam. Instead, data was taken parasitically using a photon beam incident on a
thin gold converter foil serving as a target upstream of the detector. This test run successfully
demonstrated the technical feasibility of the HPS detector concept and confirmed that the
Monte Carlo estimates of backgrounds and trigger rates were accurate.
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Figure 4: The estimated reach of the HPS and APEX experiments at 20 significance along with
existing constraints (see text). The HPS reach calculations assume running at 1.1 GeV and
2.2 GeV for one week each in 2014/2015, labelled “HPS Test”, and running at 2.2 GeV and 6.6
GeV for three weeks each in 2016, labelled “HPS”.

4 Experimental Reach

The experimental reach of the HPS and APEX experiments at 20 significance is shown in the
contours of Fig. 4, along with some existing constraints from from previous experiments. The
shaded areas show excluded regions from several beam dump experiments with sensitivity for
heavy photons, including E141 [28], E774 [29], Orsay [30], and U70 [31], and the reanalysis
of collider experiments from BaBar [32] and KLOE [33]. The measurement of the anomalous
magnetic moment of the electron [34] also sets a limit. The anomalous magnetic moment of
the muon gives both an excluded region and one that would be favored by a heavy photon
explanation of the deviation of g, — 2 from the expected Standard Model value [16, 35]. The
recent test run from APEX [20] and MAMI [36] are also shown as shaded regions. The solid
line labelled “APEX” shows the reach for the full APEX experiment. The dashed line labelled
“HPS Test” shows the reach of a two week commissioning run expected in 2014/2015, with
one week of beam at 1.1 GeV and one week at 2.2 GeV, while the solid line labelled “HPS”
is the reach for three weeks of running each at 2.2 GeV and 6.6 GeV, expected in 2016. The
top regions are obtained from a “bump hunt” in the data, while the “island” below, at lower
coupling strengths, is obtained by using a vertex cut as well. The HPS experiment has a total
of 180 days of running approved, so a significant amount of data will still be taken after 2016.
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Conclusions

Both the APEX and HPS experiments have shown their technical feasibility in recent test runs.
The HPS collaboration is now upgrading their test detector, which will be installed in time for
a commissioning run in 2014/2015, with additional running in 2016, and APEX is expected to
run in a similar time frame. Both these experiments have excellent sensitivity for their search
of a heavy photon.
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We present our first result of a search for paraphotons with a light shining through a wall
(LSW) method at SPring-8. An intense synchrotron radiation from a long undulator
beamline is used to search for paraphotons whose mass is in X-ray region. No excess of
events above background is observed, and a stringent constraint is obtained on the photon—
paraphoton mixing angle, x < 8.06x 10~ (95% C.L.) for 0.04 eV < m.» < 26 keV. Results
as well as plans for the next phase are presented.

1 Introduction

Many extensions of the Standard Model contain extra U(1) symmetries [1]. If SM matter is un-
charged in the additional U(1) symmetry, the U(1) gauge bosons are referred to as paraphotons,
or hidden sector photons. Paraphotons have tiny mixing with ordinary photons through very
massive particles which have both electric and hidden charge [2]. This effective mixing term
induces flavor oscillations between paraphotons and ordinary photons [3]. With this oscillation
mechanism, a high sensitive search can be done with a method called a light shinning through
a wall (LSW)[4], in which incident photons oscillate into paraphotons that are able to pass
through a wall and oscillate back into photons.

Recently, a detailed theoretical study of the photon and axion-like particle conversion prob-
ability has been performed[5]. Since both axion— and paraphoton—conversion are described as
the same quantum oscillations, the conversion probability for axions can be interpreted as that
of paraphotons by replacing parameters from % to x in Eq. (29) in [5]. After propagation in
vacuum for length L, the probability of converting a paraphoton into a photon (or vice versa)

is given by,
/2 2 2
W+ 4/ we—m2,
i '2<§(w— w2—m2>), (1)

Pyoy (L) = [ —F——x| sin
w2 —m2,
¥
where x is the mixing angle, m. is the mass of the paraphoton, and w is the energy of photon.
For low mass region (m., < w), it becomes a well-known expression of a neutrino-like oscillation;
Py (L) = 4x? sin®(m2, L/4w).
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Figure 1: Schematic view of our experimental setup.

Up to now, paraphoton searches with the LSW method have mainly used optical sources [6]
or microwave sources [7]. Since the accessible maximum mass of paraphoton is limited to
the energy of incident photons, a higher-energy source extends the mass upper limit of LSW
experiments. Furthermore, terrestrial sources in an X-ray region provide a new possibility
to paraphoton searches since these experiments can be a test of parameter space probed by
astrophysics only.

Here, we report a new search for paraphotons with the LSW method. We use an intense
X-ray beam created by a long undulator at SPring—8 synchrotron radiation facility to search
paraphotons whose mass is in the (1071-10%) eV region.

2 Experimental Setup

We used BL19LXU [8] beamline at SPring-8 (Fig. 1) as X-ray source. A 30-m long undulator
is placed on the electron storage ring as shown in Fig. 1. A bunch length of electrons in the
storage ring is 40 ps, and a bunch interval is 23.6 ns. Structure of a X—ray beam represents the
bunch structure of electrons, but we regard it as a continuous beam because time resolution of
X-ray detector is larger than this structure. An energy of the X-ray beam is tunable between
7.2 and 18 keV by changing a gap width of the undulator. Higher energy of its 3rd harmonics
(21.6 ~ 51 keV) is also available. X-ray beam is monochromated with a Si(111) double crystal
monochromator to the level of Aw/w ~ 107%. A reflection angle is determined from Bragg
condition, and is typically ~ 100 mrad for energies we use. A beam size is about 1 mm, and
a vertical profile (p(x)) is measured with a slit with 10 gm pitch. Shape of p(x) is similar to
Gaussian whose FWHM is 383 um.

The X-ray beam from the monochromator is guided through vacuum tubes, whose length
is about 3.5 m. Tubes are evacuated better than 4 x 10~® Pa, and a double mirror is placed at
the downstream edge of the tube. These mirrors are adjusted for the total reflection, and their
reflection angle is tuned at 3.0 mrad (or 2.0 mrad) during our search (only at 26 keV search).
They serve as a beam-pass filter, since only X-ray beams satisfying a severe condition of total
reflection are bounced up and the other off-axis background photons are blocked. The X-ray
beam changes its path with these mirrors and only the reflected beam is selected with a slit,
and guided to the X-ray detector.

There are two beam shutters placed in the beamline. Main Beam Shutter (MBS) is placed
just before the monochromator, and DownStream Shutter (DSS) is placed between the monochro-
mator and the mirrors. Photon changes into paraphoton in a vacuum tube between the
monochromator and DSS, and then changes back inversely in the region between DSS and
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beam  livetime  detector event rate BG subtracted rate signal beam detector ~ LSW prob.

energy resolution  in (w =+ 20) in (w=+20) upper limit flux efficiency  upper limit

w (keV)  (10* s) o(keV) N (107%s71) AN (10~* s71) ANgs (10~*s71) I (10%s71) e (%) Pys (10716)
7.27 2.5 0.16 70+£0.5 —0.9+5.7 11.0 7.6 23 0.63
8.00 2.0 0.16 6.5+ 0.6 —-3.8+6.1 10.3 8.9 33 0.35
9.00 3.2 0.17 5.3+0.4 —-7.6+45 5.5 8.3 46 0.14
15.00 1.9 0.18 42+£05 —3.4+£5.0 8.2 4.6 51 0.35
16.00 2.1 0.18 4.2+04 —3.1+£48 7.9 3.7 56 0.38
17.00 2.5 0.18 4.2+04 —2.1+4.5 7.8 2.3 61 0.56
21.83 2.5 0.19 4.2+04 +4.2+4.3 12.2 0.72 76 2.2
23.00 2.0 0.20 3.9+04 +1.2£4.7 10.5 0.43 78 3.1
26.00 2.6 0.21 4.8+04 +7.6 +£4.6 15.6 1.3 83 1.4

Table 1: Summary of 9 measurements of the paraphoton search. Errors are one standard deviation statistical

errors.

the mirrors. Each length at the beam center is (277 &+ 2) cm and (65.4 £ 0.5) cm, respectively.

We used a germanium detector (Canberra BE2825) to detect X-ray signal. A diameter and
thickness of its crystal is 60 mm and 25 mm, respectively. Signal of Ge detector is shaped
with an amplifier (ORTEC 572) and recorded by a peak hold ADC (HOSHIN C-011). Energy
resolution of the detector is measured with *®Fe, %8Ge, 57Co, and ?*' Am sources, and typical
energy resolution at 10 keV is 0.17 keV (o: standard deviation). Absolute efficiencies of the
X-ray detector (¢) are also measured by the same sources. Measured efficiencies are consistent
with GEANT4 Monte Carlo results, which includes all attenuations in the air, carbon composite
window (thickness= 600 pm) of the detector, and surface dead layer (thickness = (7.7 £0.9)
pum) of the germanium crystal.

The detector is shielded by lead blocks whose thickness is about 50 mm except for a col-
limator on the beam axis whose hole diameter is 30 mm, much larger than the X-ray beam
size. The position of the collimator and the germanium crystal against the beam is adjusted
by using a photosensitive paper which is sensitive to the X-ray.

Absolute flux of the X-ray beam and its stability are monitored by a silicon PIN photo-
diode (Hamamatsu S3590-09, thickness = 300 pm). This photodiode is inserted in front of
the collimator of the lead shield, and DSS is opened for the flux measurement. During this
measurement, the collimator hole is closed to avoid the radiation damage to the germanium
detector. The energy deposited on the PIN photodiode is calculated using its output current
and the W-value of silicon (W = 3.66 eV). Fraction of the X-ray energy deposition in the PIN
photodiode is computed with GEANT4 simulation for each energy. To correct the saturation
effect of the PIN photodiode, thin aluminum foils are inserted before the photodiode to atten-
uate X-ray flux. Attenuation coefficient of aluminum is also checked by GEANT4 simulation.
The flux can be measured with an accuracy of less than 5%.

3 Measurement and Analysis

A paraphoton search is performed during our beamtime from 14th to 20th June, 2012. 9
measurements are performed with different X—ray energies from 7.27 keV to 26.00 keV. Results
are summarized in Tab. 1. Beam intensities (I) are monitored every 3-4 hours by the PIN
photodiode as described in the previous section. FEnergy calibration of the detector is also
performed every 3-4 hours with a 57Co source.
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Figure 2: (left) Energy spectrum obtained with MBS closed (BG spectrum). Arrows show regions in which
paraphoton searches are performed. (right) Energy spectrum measured at w = 9.00 keV. Background contribu-

tions are subtracted. Signals with statistical errors are shown in cross, and dotted line shows obtained upper
limit (95% C.L.) of the signal.

BG spectrum (Fig. 2 (left)) is measured from 16th to 17th June with MBS closed. The
other setup including the lead shields are completely the same as in the paraphoton searches.
Total livetime of BG measurement is 1.6 x 10° s. The BG rate at 7.00 keV is (10.94£0.3) x 1073
s keV™! and gradually decreases toward (4.6 + 0.2) x 1073 s7! keV~! at 26.00 keV. No
apparent structure is observed in the measured BG spectrum except for 10.6 keV and 12.6 keV,
X-rays from the lead shields.

Signal region is defined as inside +2¢ around the beam energy w. Since signal regions are not
overlapped among all measurements, the BG spectrum is commonly used for all subtractions
(Fig. 2 (right)). The subtracted signal rates (AN) are also shown in Tab. 1, and no significant
excess is observed for all 9 measurements. Using these rates, we set upper limits on signal rates
of measurements. Gaussian distributions are assumed from center values and the standard
deviations of AN, and 95% C.L. positions in the physical (i.e. positive) regions are set as a
signal upper limit (ANgs). Finally, the upper limits on the LSW probability (Pys) are obtained
by AN95/€I.

Vertical profile of the X-ray beam (p(z)) has to be taken into account in order to translate
Py5 to the limit on the mixing parameter x, Since the incident angles of the beam into the
second crystal of the monochromator and the first mirror are very shallow, p(z) affects the
lengths of the oscillation regions. As a result, these lengths are smeared by p(z), and the LSW
probability is written as,

P= [ p0) s (L1 @) s (L2 0) 2)

Here, Li(x) is the length of photon — paraphoton oscillation region modified by the vertical
position, and Ly (z) is that of the re-oscillation region. The integration is numerically calculated
for each w as a function of m./, and Py is translated to the limit on x. Figure 3 shows 95% C.L.
limit obtained using a data set of 9.00 keV measurement, and upper side of the line is excluded.
The limit is smoothed by the smearing effect of p(x) and becomes constant for masses from 5
eV up to around 9 keV (labeled as “(b)”).

A combined result of 9 measurements rules out the limit oscillations in the region (a), and
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Figure 3: Upper limit (95% C.L.) on x as a function of paraphoton mass (m.s) obtained with only one search
at w = 9.00 keV. Spiky structure is due to the photon—paraphoton oscillation as shown in Formula (1). Spikes

are smeared for heavier mass region (labeled as “(b)”), because of the smearing effect in Formula (2).

is shown in Fig. 4 with other results. Conservatively, the worst value around 1.39 eV represents
our result (see [11] for details),

X < 8.06 x 107° (95% C.L.). (3)

This result is valid for masses up to 26 keV, the maximum beam energy of our search. Our
result is the most stringent for masses around eV region as a terrestrial search.

4 Summary and prospects for the next phase

We performed a paraphoton search for the first time with intense X-ray beams at SPring—8
synchrotron radiation facility. A double oscillation process, “photons oscillating into parapho-
tons and oscillating back into photons”, is assumed, and photons passing through a wall are
searched. No such photons are observed, and a new limit on the photon—paraphoton mixing
angle, y < 8.06 x 107 (95% C.L.) is obtained for 0.04 eV < m., < 26 keV. The result provides
the most stringent laboratory constrains on paraphotons, and extends the mass region probed
with LSW methods up to X-ray region.

Based on this backgrounds obtained from the first phase, a detailed planning for the next-
phase paraphoton search has already started. An intense X-ray beam from a free electron laser
(FEL) is used instead as a pulsed X-ray source. SACLA[12] is one of such FEL facility located
next to SPring-8, and started its public use since last year. It provides pulsed beams with 60
Hz and a pulse width of less than 10 fs.

A time window of the detector, which coincides with the pulsed beam is expected to reduce
currently observed environmental BGs to zero. Resulting improvement of S/N is about 2 orders
of magnitude compared to the first result for one week measurement. An expected limit for the
phase 2 is also shown in Fig. 4.
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Preliminary individual limits of Belle are reported for the Dark Photon, A, and Dark Higgs,
R/ searches, for mass ranges, respectively of 0.25 < ma < 3.5 GeV/c? and 0.5 < my <
10.5 GeV/c?. The Dark Photon and Dark Higgs were searched for in the Higgs-strahlung
channels: eTe™ — AR/, with b’ — AA and A — [T~ (withl =eor pu) or A = ntn~.

1 Introduction

Dark gauge bosons are postulated to have low masses; of order MeV to GeV due to astrophysical
constraints [1, 2, 3]. These astrophysical observations include: excesses in the cosmic-ray flux of
electrons and/or positrons above expected background beyond normal astrophysical processes
and the expected flux of protons and/or anti-protons. Dark matter could be charged under
the dark U(1) symmetry group and then the observed excess might correspond to dark matter
annihilating into a Dark Photon A, which in turn decays into [T~ (with [ = e or p or possibly
7 if energetically allowed).

The ideal tools to discover such particles are therefore not the highest energy hadron collider
experiments, but lower-energy electron-positron high-luminosity collider experiments such as
Belle/Bellell and BaBar, or dedicated fixed target experiments, several of which are planned
or already under construction at JLAB (Newport News, USA) or at MAMI (Mainz, Germany ),
for example. In Belle, work on dark gauge boson searches was started only recently, and has
focused on the strategies proposed by [4, 5, 6, 7, 8]. The dark U(1) symmetry group could be
spontaneously broken, often by a Higgs mechanism, adding a dark Higgs b’ (or dark Higgses) to
these models. These proceedings will focus on the so-called Higgs-strahlung channel, where the
electron-positron annihilation would produce a Dark Photon and a Dark Higgs, ete™ — AR/
and b’ — AA; and in particular the prompt decay modes with 3eT3e~, 3u™3u~, 2uT2u"eTe™
and 2727~ eTe™ final states; using the entire data set collected by Belle.

CLOE [9] and BaBar [10] reported their searches on the Dark Photon and the Dark Higgs
(see also contribution of W. Gradl to these proceedings). CLOE focused their search on my <
ma (where A and A’ are not prompt) and BaBar on my, > 2m 4 (where A and h' are prompt),
but no signal was found.
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2 Experimental setup

The Belle detector is a large-solid-angle magnetic spectrometer, which consists of a silicon
vertex detector (SVD), a central drift chamber (CDC), an array of aerogel threshold Cerenkov
counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and
an electromagnetic calorimeter (ECL) composed of CsI(T1) crystals located inside a super-
conducting solenoid that provides a 1.5 T magnetic field. An iron flux-return (KLM) located
outside the coil is optimized to detect K mesons and to identify muons. A detailed description
can be found in [11]. Belle is currently being upgraded to Belle II, an upgraded detector for
operation at SuperKEKB, which will have 40 times higher luminosity than KEKB [12]. The
KEKB collider [13], located in Tsukuba, Japan, is the world’s highest-luminosity electron-
position collider. KEKB has produced more than one ab™ ' of data at center-of-mass energies
corresponding to the T(1S) to T(5S) resonances, and in the nearby continuum.

3 Analysis strategy

Events with six charged tracks final states from eTe™ — Ah/ — AAA are reconstructed. Energy
and momentum conservation are required. The invariant mass for each combination of leptons
is required to be consistent with three distinct A — (]~ (or 77 ™). Combinations with three
“equal” masses eg, (m},, m¥ and m3) and myy > 2my; are kept. The “equality” is defined as
follows: mjpe*" — 3.0(mj}°") < mlll’2’3 < Mimean + 3.0(mMe*™), with mj}°*" the mean mass
of the three dark photon candidates and the width (o) of the signal as function of the Dark
Photon mass which is taken from Monte Carlo (MC) simulation. The detection efficiency of
Belle was modeled with MC simulations based on the GEANT4 package [14]. Belle can achieve,
on average, a detection efficiency of 20 % and 40 % respectively for six electrons and six muons
final states and of 15 % and 30 % respectively for 4e2p and 472e.

10 10~

m,, [GeVic?]
m, [GeV/c?)

. 6e . *6e
-6
= 6u N 4y2e
4n2e L. 4n2e

L
1 2 3 1 2
m, [GeV/c?| m, [GeV/c?]

Figure 1: Dark Higgs mass as function of the Dark Photon mass. Left, background estimation. Right, events
observed.

4 Results

Figure 1-right shows the preliminary results. Each event observed makes three entries in the
plot Dark Higgs mass versus Darh Photon mass since there are three possible combination to
form a Dark Higgs from two Dark Photons out of three Dark Photons. The events observed are
consistent with the background estimation Figure 1-left. The background estimation is based
on a data driven method. In this method, all combinations are combined with their wrong-sign
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Table 1: Comparison between predicted Belle background, Belle number of events observed and
BaBar number of events observed.

Final state 6e 61 4u2e 472e
Belle expected 3.60 £ 1.31 | 1.64 £ 1.12 0 6.81 + 3.64
Belle observed 2 2 1 5

BaBar observed 0 0 0 2

partner, eg (I717)(ITI*)(I*1T), are kept. Table 1 summarizes the results. Contribution of
p— ntn™ or w — 7t~ decays for 0.7 < m4 < 0.9 GeV/c? is observed;produced most likely
by two photon processes.

5 Preliminary individual upper limits

A statistical method based on Bayesian inference with the use of Markov Chain Monte Carlo
[16] is used to then calculate preliminary upper limits, 90% Confidence Level (CL), for the
full luminosity. Figure 2 (left to right - six electron, right six muons, 4u2e and 472e final
states) shows the preliminary individual upper limits for different Dark Higgs mass hypotheses
compared to the BaBar upper limits[10]. The preliminary individual upper limits scale nearly
linearly with the integrated luminosity as one would expect in presence of almost no background.

BF X  [ab]
BF X  [ab]
BF X  [ab]

L‘Zue’e

e
m, [GeV/c?]

0 .

1 o o
m, [GeV/c?] m, [GeV/c?]

2
m, [GeV/c?]

Figure 2: Preliminary individual limits as a function of the Dark Photon mass for different Dark Higgs mass

hypotheses. From left to right: 6e, 6u, 2uT2u"ete™ and 27T 27r " ete™ final states. Full line this Belle analysis.

Dashed line BaBar upper limit[10].

6 Conclusions

The Dark Photon and the Dark Higgs are searched for in the mass ranges: 0.25 < m4 < 3.5
GeV/c? and 0.5 < my, < 10.5 GeV/c?. No signal was observed. It was found that the back-
ground is small and is consistent with the background estimation. The preliminary individual
limits of Belle have been shown. The individual limit scales nearly linearly with the integrated
luminosity. In the coming years, Belle2 will take 40 times more statistics. Altough the instan-
taneous luminosity will be much smaller than for the fixed target experiment instantaneous
luminosity, Belle2 can cross-check with no extra cost any fixed target results avobe 20 MeV /c?
and can extract limit up to 10.5 GeV/c?.
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The CASCADE experiment is a ”light shining through a wall” (LSW) experiment con-
sisting of microwave cavities. It is dedicated to search for photon oscillations into hidden
sector photons (HSP). The main measurement setup consists of two normal conducting
TMop10 pillbox cavities at 1.3 GHz. In this paper we present the planned measurement
campaign that is divided in four main phases.

1 Introduction

The CASCADE (CAvity Search for Coupling of A Dark sEctor) experiment utilizes microwave
cavity technology to search for the new particle interactions. The method that is used is a
"light shining through a wall” (LSW), where the detector cavity will be isolated from the
emitting cavity and from external RF sources. Since the cavities are identical and tuned to
same resonance frequency, the possible signal in the detector cavity could be identified to be
originating from photon-HSP-photon oscillations.

2 Measurement Setup

The main parts of the measurement setup are the two pillbox cavities that are used to study the
photon HSP oscillations. The cavities are normal conducting copper cavities that are powered in
the first transverse magnetic mode (TMjp10) at 1.3 GHz. With the cavities, the complexity of the
measurement setup can be increased in stages with the main goal to replace the measurement
setup with two superconducting cavities [1].

A schematic of a CASCADE cavity can be seen in Fig. 1. The cavities were designed using
CST Microwave Studio. With the program it was estimated that the cavities can have Q-values
of up to 22 000 at the room temperature. The cavities are tunable in the range of 100 MHz
and have a bandwidth of 330 kHz.
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Tuning Screw

Vacuum Tube
SMA Power In

SMA Readout

Figure 1: CAD model of the CASCADE pillbox cavity.

The measurement setup is adapted from [2]. A schematic of the setup can be seen in Fig.
2. It consists of a signal generator and a signal analyzer which are frequency locked by 10 MHz
reference. The signal generator can produce input power of up to 10 mW which is fed into the
source cavity. Both the detector and the source cavities are placed inside a RF shielding box.
The required attenuating shielding between the cavities is at least 220 dB. With this shielding,
measurements of signal powers of the order of 102> W can be performed.

The signal analyzer will perform the fast Fourier transformation and the data taking. In
the early measurements it was discovered that the signal analyzer produces an internal 1.3 GHz
signal which has signal power of the order of -140 dBm. Because of this, the exact 1.3 GHz
frequency cannot be used in the measurements, so the cavities were tuned slightly off from this
frequency. Test measurements showed that the signal analyzer was already able to make a clear
isolation between the peaks, when the off-tuning was only 1 Hz. Since the internal signal has
been measured to be stable and almost constant in signal power, it is used as a reference in the
measurements.

3 Measurements

The measurements will be divided in four stages, each introducing more sensitivity and com-
plexity to the overall setup. The division in stages is done to better understand the requirements
and effects of new elements in the setup.
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10 MHz reference

Signal Generator Emitter Signal Analyser

Cavity

Detector

RF Shielding = >-_|,?|_'IE_|

Figure 2: Schema of the measurement setup. The amount of shielding around the detector
cavity will be increased according to the requirements of the measurements. Also the optical
conversions will not be used in the first measurements but will be developed and implemented
when required.

3.1 Stagel

The first stage of measurements will be at room temperature. In this stage, the cavities are
first isolated with a minimal shielding which is then increased gradually. The main focus in this
stage is to study the shielding requirements between the cavities. Excluding the components
that provide additional shielding such as cryostats, new layers of shielding will not be added
in later stages. To monitor the shielding quality, a set of patch antennas will be placed inside
the shielding structures to monitor the attenuating power and to locate the possible RF leaks.
Since the emitter and the detector cavity will be in room temperature, this stage also allows
the studies of effects of varying the distance and positioning of the cavities.

3.2 Stage 2

To increase the overall Q-value of the system, the detector cavity will be placed inside a liquid
nitrogen cryostat. This will increase the detecting sensitivity of the of the cavity since the
thermal noise is reduced. The flask where the cavity is placed can hold the 77 K temperature
for several weeks and allows long duration measurements to be performed.

3.3 Stage 3

The third stage can be seen as an intermediate stage between using plain normal conducting
cavities and using superconductive cavities as part of the setup. In this stage, both pillbox
cavities will be placed inside the liquid nitrogen cryostat. Since the shielding between the
cavities was already optimized in the first stage and since the input power is not increased,
the setup will improve the combined Q value of the system. Although there will be some
improvements in the overall sensitivity, the detection probability will not improve significantly
since there is no changes in the detector cavity. The main goal in this stage is to study the
stability and performance of the two cavity system before it is used as combined detector in
the next stage.
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3.4 Stage 4

In the fourth stage the two pillbox cavity setup will be used as a single detector for supercon-
ducting emitter. At the Daresbury Laboratories, a single cell 1.3 GHz superconducting niobium
cavities were developed as part of the STFC Industrial Programme Support Scheme [3]. These
cavities are operated in TM10 mode and can reach Q values of 10'°. They also allow input
powers over 100 W. By combining the two pillbox cavities as detector for the superconduct-
ing emitter, unprecedented regions can be charted in the exclusion plot. Figure 3 shows the
expected reach of each planned measurement stage of the CASCADE measurement campaign.

Coulomb

FIRAS+hCMB

LSW -

[ CASCADE
L. @ 1.3GHz .

Log,, my'[eV]

Figure 3: Expected reach of the four measurement stages.
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The Yale Microwave Cavity Experiment (YMCE) uses microwave cavities in a “light shin-
ing through wall” (LSW) approach to look for hidden photons, hypothesized particles that
could exist in many beyond the standard model theories. By cooling one cavity and re-
ducing the bandwidth of our receiver, we increase the sensitivity of our experiment and
report first results, excluding hidden photons with a mass of 141.8 peV for a coupling
x> 1.7x107".

1 Introduction

The structure of the Standard Model is SU(3) x SU(2) x U(1); one natural question to ask
is, do other symmetries exist? If one adds a local U(1) gauge symmetry then a new gauge
boson appears with a wide range of possible couplings and mass (see [1] for a recent review).
In the low mass limit, the dominant interaction of the new gauge boson is with the photon via
kinetic mixing [2]. This gauge boson, or hidden photon, must have extremely weak couplings in
order to have evaded detection. Astrophysical considerations of solar energy loss place strong
constraints on possible hidden photon coupling and mass [3, 4]; however, these constraints
become weaker in the 1-100 peV range. Direct searches for hidden photons using the LSW
technique nicely complement astrophysical bounds and probe new regions for physics beyond
the Standard Model.

The principle behind the LSW method is that a laser shining on a wall will produce photons
and via kinetic mixing, hidden photons. The wall will stop the ordinary photons but the
hidden photons will pass through unimpeded because they interact very weakly with matter.
On the other side of the wall, they can convert to ordinary photons again and be detected.
The LSW technique extended to microwaves allows one to probe longer wavelengths and thus
smaller masses for the hidden photon, precisely where astrophysical constraints are weakest.
Placing resonant cavities on either side of the wall enhances the sensitivity by several orders of
magnitude [6] and is the technique used by our group. In this paper we discuss our setup and
first results searching for hidden photons at a higher microwave frequency than so far attempted
elsewhere.
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2 Sensitivity

The experiment consists of a high power microwave source driving a cavity on resonance and
a second cavity, electromagnetically shielded from the first, used to look for a power excess at
the frequency wq of the microwave source. The expression for the power expected in the second
cavity due to photon - hidden photon oscillations is given by [8]:

TN~
Pyet = X4(TZ)8|G|2eriveQdethm’ve

where Qgrive and Qg are the loaded quality factors of the drive and detection cavities, respec-
tively, Pgrive is the power of the microwave source, x is the hidden photon - photon coupling,
and m. is the unknown mass of the hidden photon. |G| is a geometrical form factor that
depends on the cavity modes, their separation, and the hidden photon momentum. We use
natural units, where 7 = ¢ = ¢y = 1. Note that the expected power excess P,.; should appear
at one frequency: wy. However RF power leaking from the original microwave source will also
appear at that frequency, so shielding the detection cavity (and all subsequent electronics) from
the microwave source is extremely important to prevent a spurious signal. In order to reduce
the background, which is a combination of electronic noise from our amplifiers and thermal
noise in the cavity, we cool the detection cavity and our first stage amplifiers to 5 K using
liquid helium and use a narrow resolution bandwidth of 6.7 mHz.

3 Experimental Setup

The experiment uses two cylindrical copper cavities resonant at 34.29 GHz in the TE(;; mode.
This mode has a high quality factor, is easily tunable, and has a high geometry factor. The
power source used is an Anritsu MG3694C signal generator capable of putting out 22 dBm at
our operating frequency. During runs, a spectrum analyzer monitors the reflected power from
the driven cavity to ensure the cavity resonance is stable. The detection cavity and cryogenic
amplifiers are placed in a cryostat with two waveguide lines; see Figure 1. One waveguide
goes to a weakly coupled port on the detection cavity and is used with a network analyzer to
determine the resonant frequency, while the second waveguide takes the signal from the strongly
coupled port of the cavity and high electron mobility transistor (HEMT) amplifiers [9]. The
cavity is tuned to the frequency of the drive cavity by vertically adjusting the top cap, with a
slight gap between the cap and the cavity walls to break the degeneracy between the TEg1; and
TM;1; modes. The waveguides transmit power to a shielded room housing the receiver chain
and data acquisition system. The receiver chain is a triple heterodyne mixing scheme [10] that
amplifies, filters, and mixes the RF signal down to baseband, where the data is then split into
its in-phase (I) and quadrature (Q) components and digitized for further analysis.

The oscillators in the receiver chain, the microwave source, and the digitizer are all frequency
locked to a 10 MHz reference - this frequency locking is important to prevent the down mixed
signal from smearing out over time from a relative frequency drift of the oscillators and thus
degrading the sensitivity of the narrow band measurement. It is also important to know the gain
of our system accurately in order to correctly calculate Pg.¢; by doing a Y-factor measurement
we determined the effective noise temperature of the system to be Tyise = 1515 K and, together
with the power levels we observe at the output of the receiver chain inferred the nominal gain to
be 86.1+0.5 dB. Shown below in Figure 1 is a schematic of the setup, and Table 1 summarizes
the experimental parameters.
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Figure 1: Schematic of the experimental set-up. The intermediate frequency at every stage of
the receiver chain is shown, along with the amplifiers and filters.

Table 1: Experimental parameters for May 01 run
Qdet erive wo |G‘ Pdrive Tnoisc Bandwidth Gain
9000 | 7000 | 2m x34.29 GHz | 0.1 | 22dBm | 15 K 6.7 mHz 86.1 dB

Although not needed for this experiment, both the drive and detection cavities are inside
the bore of a 7 Tesla superconducting magnet. We will use this magnet later on for a search
for primordial axion-like particles [11].

The detection cavity and electronics are each electromagnetically shielded, but even minute
levels of RF power leaking into any stage in the setup could cause a fake signal. To reduce
this leakage, we covered all waveguide joints and vacuum ports with copper tape, wrapped
microwave absorbing foam over the entrance of the 10 MHz cable to the electronics room,
powered all the electronics in the shielded room from batteries, and surrounded the drive cavity
with aluminum wool. As well, we placed the power supplies for the cryogenic amplifiers behind
a wall to shield exposed wiring and reconfigured the grounds of the supplies.

4 First Results

On May 01, 2013, we recorded a two and a half minute trace with no statistically significant
excess seen at wg, as shown in Figure 3. For comparison, Figure 2 shows a run taken with a
visible leak, later attenuated by reconfiguring the grounds of the cryogenic amplifiers. From
this data we exclude a hidden photon - photon coupling of x > 1.7 x 10~7 for my = 141.8
peV. Figure 4 shows the limits of our experiment along with the present best limits set by
astrophysical bounds and LSW experiments.

This result is not yet competitive with the bounds placed by astrophysical limits and ana-

Patras 2013 41



A.T. MALAGON, O. K. BAKER, ET AL.

6.7 mHz resolution

6.7 mHz resolution
N N
T L
T 90 ¢ E #
@ @
8, [ 0
£-100 g.
o o
Q. o

10

1

Il
-120f]
[

-130

e e o | ERE S M e I S 1
'1&89.961699.971599.981599.99 1700 1700.01 1700.02 1700.03 1700.04
baseband frequency (Hz)

Sy S e L S A N i S (1
'1689.96 1699.97 1699.98 1699.99 1700 1700.01 1700.021700.03 1700.04
baseband frequency (Hz)

Figure 2: Power related to the signal source can
be seen at wy. This leak was reduced by recon-
figuring the grounds of the cryogenic amplifiers.

Figure 3: No power is seen at the frequency of
the signal source after reconfiguring the grounds
of the cryogenic amplifiers.
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Figure 4: Updated from [13]. The filled in region labeled YMCE denotes the exclusion set by
our experiment. This result and the limit from the CERN experiment (Ref. [7]) are the first

microwave cavity LSW experiments to surpass the Coulomb limit; the region labeled ALPS-IT [5]
is the projected sensitivity of future optical LSW experiments.
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lyzing XENON10 data [12]; however, in our first run to demonstrate the operation of the ex-
periment, we have placed limits comparable in sensitivity to the first ALPS-I exclusion bound
with only a modest amount of data.

5 QOutlook

Much work up until this point has gone into calibrating our system, which was non-trivial due
to the cryogenic setup, and understanding the various paths for RF leakage. Now that we have
established the exact gain of the system and improved the shielding, the exclusion limit reported
here can be improved by longer integration times and a more powerful microwave source. We
also plan to do a measurement with a microwave cavity operating in the TMg2g mode; with the
strong magnetic field, this cavity will be sensitive to axion-like particles if they form part of the
galactic dark matter. Finally, we can use this measurement to simultaneously place constraints
on hidden photon dark matter [14, 15].
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Light shining through a wall microwave cavity experiments have traditionally searched
for paraphotons via the transmission of power from an actively driven cavity to a passive
receiver cavity, with the two cavities separated by a barrier that is impenetrable to photons.
We have extended this measurement technique to account for two-way coupling between
the cavities. The presence of a paraphoton field can alter the resonance frequencies of the
coupled cavity pair and as such measurements of cavity resonance frequencies can be used
to constrain the paraphoton kinetic mixing parameter, x.

1 Introduction

Laboratory based searches for paraphotons have been conducted for several years with some
recent tests using microwave frequency resonant cavities [1, 2]. Electromagnetic resonances
in otherwise isolated cavities could become coupled in the presence of a paraphoton field. If
one resonant cavity is actively driven, this coupling can be seen as photons in the driven
cavity mixing with paraphotons, which then cross the boundary between cavities, and then
mixing back into photons in the undriven cavity. Resonant regeneration is present even at the
subphoton level, and by measuring the power transmitted between the two cavities a bound
can be placed on the probability of kinetic mixing between photons and paraphotons. This
arrangement is known as a Light Shining through a Wall (LSW) experiment and has been the
focus of microwave frequency resonant cavity paraphoton searches [1, 2]. As these searches rely
on measuring very low levels of microwave power the fundamental limitation to their sensitivity
is imposed by the thermal noise in the detector cavity and amplification system. However, in
practice they have been limited by microwave power leakage from the emitter to detector cavity
which is indistinguishable from a paraphoton effect [1].

Previous LSW formalism [3] has been focused on the one way flow of paraphotons from a
driven emitter cavity to an undriven detection cavity. However, it is also possible to treat the
two-way exchange of paraphotons 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 paraphoton mediated coupling will cause a phase-dependent shift in
the resonant frequencies and quality factors of the system. This opens up the possibility of
conducting experiments that constrain the strength of photon-paraphoton mixing by observing
this coupling induced resonant frequency shift. When given the option it is preferable to make
a measurement of frequency rather than power due to the quality and precision of frequency
standards, instrumentation and techniques.
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Although we focus on the paraphoton, these concepts can be extended and applied to LSW
based searches for other hypothetical particles that mix with the photon such as fermionic
minicharged particles.

2 Fundamental modes

Following the notation of Jaeckel & Ringwald [3] the renormalizable Lagrangian for low energy
photons and paraphotons is given by

1 1 1 1
L= —ZFMVF/W - ZBI“’BIW - §XF’“’BW + imi,BHBM, (1)
where F'*" is the field strength tensor for the photon field A#, B¥* is the field strength tensor
for the paraphoton field B*, x is the photon-paraphoton kinetic mixing parameter and m., is
the paraphoton mass. From Eq. (1) the equations of motion for the electromagnetic fields in
two spatially separated resonant cavities, A; and A, and the universal paraphoton field B are

(aﬂa +x%m )A1 m?,B (2)
(5‘“8 + m ) B = Xm (Al + AQ) (3)

Due to the infinite nature of the paraphoton field we use the retarded massive Greens function
to find the paraphoton field from equation (3),

exp (ikp|x — exp (ikp|x —
Bx o=, | [ d?’yWalAl W+ [ dSyMaQAQ @]
1

We solve for the photon field in cavity 1 by substituting the paraphoton field of Eq. (4) in to
Eq. (2) and we find that:

2 2,4
.wo m xX"ms,Gig
SRR O CO)EUESS SCUN
3 3., XP (’kb|X—Y\)
= A A
Gll wov/ld /d 47T|X y| X 1 (y) 1 (X)
_ 3 3., SXP Zkb|x yl) .
e / i / Ay P T A () AL (), (6)
Vi

where w; is the driving frequency of the cavity and G5 is the standard G-function found in
the literature [1, 3] that describes the two cavity fields, geometries and relative positions while
G11 (henceforth Gg) is the G-function for a cavity field overlapped spatially with itself and
represents losses in the cavity due to photon to paraphoton conversion. We can now solve for
the photon field in cavity 2 and hence relate the fields in the two cavities without using the
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Fractional Frequency (w / wy)
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Figure 1: Log-Log plot of resonant frequencies relative to a common central frequency, wy,
as a function of detuning for a pair of cavities that are coupled (black, full, equation (8))
and uncoupled (gray, dashed, wy2/wo = (1 +£x/2)). The detuning, x, is given as a factor of
the square of the paraphoton kinetic mixing parameter, x. The magnitude of the fractional
frequency shift is proportional to the values of parameters Q1, Q2, G, Gs and x used in Eq. (8).

paraphoton field, B (x,t). This set of coupled equations can be represented in matrix form as

2 2, 4
22 dwow 2.2 _omy, _x'm,,G
“Wo T w1 Q1 +Xxtmy, (1 w? GS) w?
2 4 2
X m'y/G 2 2 TWowa 2.2 my,
I Wy — W2 — T, + X mg, 1_ngS

al(t) o 0
Ja = o
with G711 = G223 = Gg and G132 = G21 = G. In an ideal situation both cavities would be driven
at the same frequency, w, however in reality their resonant frequencies are likely to differ by a
small amount. We parameterize this detuning by the factor = such that w; = w (1 + %) and
Wy = w (1 - %) We can find the two fundamental normal mode frequencies of the coupled

cavity system by taking the determinant of Eq. (7), equating the real components to zero and
solving for w, yielding

1 1 2 m2 X2 m XZGS 1
wi%[,«.}o< ( +Z+ ;/2 - V’4 + 2

_z? I+ 2Q1Q2 0 Wy Q1Q2 e
3 (8)

2
1
+2m,2y,xzx2 B 2mfly,l‘2X2GS m,sy,x4G> 2

2 1 8
wo Wo Wo

where some insignificant higher order terms have been removed. The coupled resonant modes
associated with equation (8) will also have different quality factors (assuming that the initial
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uncoupled cavity mode quality factors Q1 and @2 are not identical). Exploiting this effect
appears to offer no advantages over existing power based measurements such as LSW [1, 2]
experiments, as such we shall focus our attention on frequency effects.

The effect of frequency detuning is demonstrated in figure 1; as the cavities become detuned
the strength of the coupling weakens and the resonant frequencies approach their uncoupled
values. The fractional frequency shift for a cavity due to the paraphoton coupling is illustrated
in red, this is the value that any experiment would seek to measure.

One of the most effective ways to measure the normal mode frequency shift would be to
modulate the strength of the coupling between the cavities and look for the induced modulated
signal in the beat frequency of a coupled cavity and an uncoupled frequency reference. This
allows for a fast rate of data collection and reduces the influence of longterm frequency drift.
The strength of the coupling between the cavities can be changed by manipulating the value of
the G-factor from equation (6). Changes to the relative field intensity, alignment and separation
of the two cavities will in turn alter the dot product of the two cavity fields and hence the G-
factor. For example, if one cavity is rotated orthogonally to the other then the dot product
of the photon fields will be modulated sinusoidally at twice the rotation frequency, giving a
maximum and minimum G-factor every half rotation. Comparing the resonant frequency of
one of the cavities to a stable frequency reference would allow y to be constrained by searching
for a modulation in the beat frequency [4]. If the level of frequency detuning between the
coupled cavities can be kept sufficiently small (see Fig. 1) then the frequency signal would
be proportional to x? whereas traditional LSW power measurements are proportional to x*.
Although in practice such a level of frequency tuning would be extremely difficult to achieve
with high Q cavities.

3 Conclusion

We have derived the fundamental normal mode frequencies for a pair of resonant mode cavities
coupled by the exchange of hidden sector photons. These results can be used to bound the
paraphoton kinetic mixing parameter x through cavity resonance frequency measurements.
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“Light Shining Through the Wall” experiments can probe the existence of “axion like
particles” through their weak coupling to photons. We have adapted such an experiment
to the microwave regime and constructed the table top apparatus. This work presents an
overview of the experimental setup and then focuses on our latest measurement run and its
results. By operating the apparatus within a superconducting MRI magnet, competitive
exclusion limits for axion like particles to the first generation optical light shining through
the wall experiments have been achieved.

1 Introduction

The concept of an optical Light Shining Through the Wall (LSW) experiment has been adapted
to microwaves as described in [1]. A block diagram of the setup at CERN as it has been used to
search for Axion Like Particles (ALPs) with microwaves is shown in Fig. la, it consists of two
identical microwave cavities with a loaded quality factor of @2 =~ 12000 and a spacing between
them of less than 20 mm. One serves as ALP emitter and is excited by 50 W of RF power on
its resonant frequency fsys = 1.739990 GHz. It develops a strong electromagnetic (EM) field,
corresponding to a large number of microwave photons . These can convert to ALPs by the
Primakoff effect [2]. ALPs do not interact with matter and propagate towards the detection
cavity, which is connected to a very sensitive microwave receiver. The reciprocal conversion
process transforms ALPs back to microwave photons, which can be observed as an excitation of
the seemingly empty and well shielded detection cavity. Since there is no energy loss associated
with the ALP conversion process, the signal from the detection cavity would be observable at
exactly the frequency fs,s, making a narrowband receiving concept feasible.

2 Engineering challenges

In this section, we give an overview of the critical engineering challenges, which were encountered
during the realization of the microwave based LSW experiment:

Electromagnetic shielding Shielding is required around the detecting cavity and the mi-
crowave receiver to eliminate ambient electromagnetic interference (EMI) and to mitigate
coupling to the emitting cavity by electromagnetic leakage. This would generate false
positive results, as a signal originating from leakage can not be discriminated against an
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Figure 1: Overview of the light shining through the wall experiment in the microwave range
configured to search for ALPs

ALP signal. Within 2 cm, the field strength must be reduced by at least a factor of
7.7-10'? = 258 dB to obtain meaningful results and avoid degradation of ALP sensitivity.
Most microwave components used in the setup like SMA connectors or semi-rigid coaxial
cables provide less than 120 dB of shielding, making an external shielding enclosure and
strategic use of optical fibres for signal transmission necessary. With the current setup,
over 300 dB shielding effectiveness has been achieved [3].

Detection of weak signals The smallest detectable signal power during the ALPs run in
June 2013 is Py = —212 dBm = 6.3-1072° W =~ 0.5 photons/s. As the experiment
is carried out at room temperature, the thermal noise density is P, ~ —174 dBm/Hz.
A very narrow band filter can be implemented to detect the sinusoidal signal within
the background noise. It is realized by a discrete Fourier transformation over the entire
recorded time trace of length 7 = 10 h. Each resulting spectral bin will respond to
signals within its resolution bandwidth, given by BW,, = 1/7. As noise power scales
linearly with resolution bandwidth and signal power stays constant, we achieve a signal
to noise ratio improvement proportional to measurement time. To keep the filter on
the right center frequency, a global 10 MHz reference clock is used to phase lock all
oscillators involved in the downmixing chain. This detection method has been successfully
demonstrated with resolution bandwidths down to 10 pHz in [4].

Keeping the cavities on tune For an exclusion result, it is necessary to prove that the detec-
tor is working and that a potential ALP signal could not have been concealed. Detection
sensitivity will be limited if the resonant frequency of any of the cavities does not equal
the system frequency fsys within its 3 dB bandwidth. The resonant frequency of the cav-
ities can drift due to thermal expansion. For the emitting cavity, the reflected RF power
was monitored to ensure it is on resonance during the whole measurement run. For the
detecting cavity, its thermal noise density was measured before and after the recording of
experimental data, indicating its resonant frequency.

Compatibility with magnetic fields As the shielding enclosure and the cavities have to be
placed in a strong magnetic field for ALP measurements, they need to be constructed from
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non-ferromagnetic materials like aluminium or brass. This is to prevent field distortion
and to avoid strong attractive forces during insertion of the setup into the magnet. Some
electronic components like the low noise amplifier and the analog optical transmitter need
to be placed as close as possible to the detection cavity. Therefore special precautions
had to be taken to ensure they operate reliably within the magnetic field. For example,
ferrite or iron cored inductors or transformers had to be avoided as the material saturates
and changes its magnetic properties in strong magnetic fields.

3 Measurement run in June 2013

The most sensitive measurement run for 100
ALPs has been carried out in June 2013 in co- 100

. . . . L LSw
operation with the Brain & Behaviour Labo- 10

Most sensitive:
ratory of Geneva University. We were able to 10° (gL
g = 4.1e-08 GeV'
Wideband:
g = 8.8e-08 GeV'

operate the setup within the bore of a super- -+ R

conducting magnet, which is part of an MRI
scanner. It provides a solenoid-like field of
B = 2.88 T. Over the course of one weekend,
2 x 10 h of experimental data were recorded.
As no ALPs were detected, the correspond-
ing exclusion limits in comparison to other
experiments are shown in Fig. 2. 7 - transp.

-
10" 10" 10" 10° 10° 107 10° 10° 10% 10° 107 10' 10

For diagnostic purposes, a sinusoidal sig- ALP mass, m, [eV]
nal of known frequency is emitted within the
shielding enclosure. This “test tone” of rela-
tively low and constant power (= —100 dBm)
couples from a A/4 antenna to the detection
cavity and to the components of the receiver frontend. By identifying the signal in the recorded
spectrum, we demonstrate that the entire signal processing chain was operational during the
measurement. This also allows to evaluate unwanted frequency offsets, frequency drifts, or
phase noise by comparing shape and position of the measured signal peak to the expected
one. Furthermore, as long as the test tone signal is observed with constant power during the
measurement run, it qualifies that the EM shielding performance has not degraded.

Coupling parameter g [GeV~']
=
S

o

Figure 2: Preliminary exclusion limits for ALPs
from the CROWS experiment run in June 2013.

Figure 3 shows the resulting power spectrum from the measurement run. The test tone
signal is visible as a single peak, clearly above the noise floor, spanning only one single bin.
A frequency window (shaded green) has been defined with a width of 10 - BW s, around the
frequency where an ALP signal would be expected. The peaks within this window do not exceed
the detection threshold of Pge; = —212.0 dBm = 6.3 - 1072 W, allowing us to set an exclusion
limit for ALPs.

In order to define the detection threshold, the histogram of 14 - 10° frequency bins — con-
taining exclusively spectral background noise — was evaluated. Pge; was set such, that only in
1% of all measurement runs, a single peak signal above the detection threshold would appear
within the WISP window, resulting in a false positive outcome of the experiment.
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Figure 3: Result of the ALP run in June 2013.(1) Spectrum showing the whole recorded fre-
quency span. (2) Zoom on test tone signal. It is visible within the expected frequency range,
marked in green. (3) Zoom on fsys, no ALP signal is visible above the detection threshold.

4 Conclusion and Outlook

Profiting from the high mobility and ruggedness of a microwave based LSW experiment (com-
pared to optical setups), we were able to successfully deploy and operate the apparatus within
a 3 T MRI magnet. Over the course of one weekend sufficient experimental data was recorded
to achieve comparable sensitivity to first generation optical LSW experiments (e.g., ALPS-1 at
DESY).

Sensitivity could be further enhanced with a stronger magnet. There is a recent trend

towards 7 T MRI systems in medical research, which might provide us an opportunity for a
follow up ALPs measurement. Furthermore, sensitivity can be enhanced with larger and thus
lower frequency cavities. One might think of a LSW setup consisting of 200 MHz SPS standing
wave cavities [5] within the 3 T M1 magnet [6] at CERN.
Special thanks to S. W. Rieger and the Brain & Behaviour Laboratory of Geneva University, for making
the MRI magnet accessible to us on weekends. The authors would like to thank R. Jones, E. Jensen
and the BE department management for encouragement and support. Thanks to the organizers of the
Patras Workshop for a very enjoyable and inspiring conference. Supported by the Wolfgang-Gentner-
Programme of the Bundesministerium fiir Bildung und Forschung (BMBF).
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This proceedings contribution gives a brief experimental update of the ‘Any light particle
search (ALPS) -II’ at DESY which will be sensitive to sub-eV, very weakly coupled particles
beyond the Standard Model. First data on hidden sector photon parameter space through
photon-hidden photon oscillations in vacuum is expected in 2014. Axion-like particle search
(implying the installation of superconducting HERA magnets) could be realized in 2017.

1 ALPS-II setup and goals review

ALPS-II is an experiment of the light-shining-through-a-wall (LSW) type [1], and succeeds the
experiment concluded in [2]. In brief, the concept is to keep a large number of O(eV) photons
stored in an optical cavity before a ‘wall’, i.e., a light-proof environment. Measuring photons
beyond that wall would indicate beyond-Standard Model (BSM) physics': If the photons are
stored in a magnetic field in vacuum, the BSM process could be due to photons oscillating into
axion-like or minicharged particles: Axion-like particles have a coupling to photons similarly
to the QCD axion, but a relaxed mass-coupling relation; minicharged particles are electrically
fractionally charged fermions or bosons, arising typically in hidden-sector models. Even without
magnetic field, the photons could have oscillated into hidden photons (kinetically mixed, massive
extra U(1) gauge bosons) cf., e.g., [3, 4].

Note that the LSW setup is generically sensitive only to particles with masses lower than the
photon energy, i.e., to sub-eV masses in our setup. In addition, for maximum sensitivity, the
conversion should be coherent such that the 200m long ALPS-IT will be most sensitive below
the 10~%eV regime for axion-like particles and minicharged particles and in between 10~%eV
and 1.17eV for hidden photons getting mass from a Stiickelberg mechanism?. For details on the
here accessible as well as the physically most interesting parameter space of these light BSM
particles, see [6].

ALPS-II will boost its sensitivity to light particles mainly due to the following components:
Firstly, the resonator on the ‘production-side’ before the ‘wall’ will be complemented by a
frequency-locked resonator behind the barrier (in the ‘regeneration-region’). This increases
the probability of reconversion of the light BSM particle through ‘photon-self interference’ [7].
Also, the power buildup and the amount of in-coupled light will be enhanced such that one has
150kW circulating power in ALPS-IT in comparison to 1kW in ALPS-I. Secondly, the magnetic
length is enhanced by the use of 10+10 superconducting HERA dipoles instead of only 1 dipole

IThe contribution to such a process through a Standard Model background of neutrinos is negligible due to
the large mass of the involved mediators.
2The situation in the case of mass from a Higgs mechanism is slightly more involved [5].
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at ALPS-I. Thirdly, for single-photon detection, a Transition Edge Sensor is employed. Note
that ALPS-II is set out to be about three orders of magnitude more sensitive than ALPS-I in
the search for axion-like particles and about two orders of magnitude for hidden photons.

The experiment is structured in three phases. In ALPS-TIa (ongoing), meeting the optics
and detector experimental challenges at a 10m+10m setup (cavity length before and after
the ‘wall’; respectively) are addressed and a search for hidden photons can be performed. In
addition, the magnet straightening-techniques (see below) are studied. ALPS-IIb will show the
viability of the setup at 100m+100m length in the HERA tunnel. Finally, ALPS-IIc (still to be
approved) will include the HERA dipole magnets, in order to be sensitive to axion-like (ALP)
and minicharged particles.

After a thorough review of the ALPS-IT Technical Design Report (an excerpt is published in
[6]) by appointed, external referees, the DESY management has approved the first two phases of
ALPS-II. In addition, an ALPS group has been established in the DESY high energy division.
The ALPS-II collaboration comprises DESY, the Albert-Einstein Institute (AEI) in Hanover
and the University of Hamburg.

In the following, this proceedings contribution briefly updates the status presented at last
year’s workshop [8].

2 Experimental status of optics, magnets and detector

Optics:

In brief, the optics challenge is due to the necessity of frequency-locking and aligning the
production and regeneration resonators whilst requiring sensitivity to possible single photon-
events from BSM physics: To keep both cavities frequency-locked, laser light must also oscillate
in the regeneration cavity (to stabilize the cavity, Pound-Drever-Hall locking is employed).

The production cavity is set out to host 35W of infrared (1064nm) light at a power build-
up of 5000 (~ number of photons reflections inside the cavity). Thus, to discriminate signal
photons (e.g., due to axion-like particles), the regeneration cavity on the other hand is locked
with only a few mW of frequency-doubled, green light, from the same laser source as the light
oscillating in the production resonator. The power build-up for infrared light in the regeneration
cavity, however, amounts to 40000 (amplifying the signal photons).

This setting requires great care to avoid that infrared light enters the regeneration region
when coupling the green light into the regeneration cavity. In addition, no infrared photons
should be created from the green due to down-conversion processes. Both these effects: light-
tightness of the production region and down-conversion effects are quantified stepwise with the
integration of components to the setup. So far no show-stopper has occurred.

On top of that, the simultaneous locking of both cavities must be shown, this is done at
a lm test-setup at the AEI in Hannover and reported on in [9]. Note that in principle, other
locking schemes are conceivable [10], and studying both complementary methods is worthwhile.

In Hamburg, at the ALPS-TIa site (HERA West facility, one floor below ground level),
infrastructural measures are mostly completed and successful studies with a low-finesse cavity
have been performed throughout this year: As the mirrors of the ALPS-II resonators will be
located on different optical tables in the 10m+10m setup, such studies were necessary to assess
whether a stable operation with the high-finesse dichroitic mirrors will be possible with available
vibration dampening. Our measurements show an integrated RMS noise for the free-running
cavity on the order of a few x10~%m down to 10Hz, allowing to operate the envisaged cavities
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in principle. Similar studies to evaluate the conditions in the HERA tunnel (where ALPS-IIb
and ALPS-IIc will be located) are in their initial phases.

To facilitate the alignment of the 242 cavity mirrors, the plane, rectangular central mirrors
will be fixated on a common, very smooth central ‘breadboard’ [6]. Considering the locking
mechanism as described above, we have devised a shutter box which must match the follow-
ing criteria: Sealing off the regeneration cavity from infrared photons (except for calibration
purposes) whilst allowing for an in-coupling of the green light for locking purposes. The light-
tightness of the box (through milling of a labyrinth) must be realized without interfering with
the planarity of the breadboard surface.

The delivery of the entire set of the set of highly reflective mirrors with 250m ROC is
expected soon (choosing this ROC ensures that the mirrors can be used also in the succeeding
stages of ALPS-II).

Magnets and vacuum:

As reviewed in detail in [6], achieving the foreseen power-buildups in the optical resonators
whilst using a setup with 20 magnets requires reinstating the full aperture of the proton beam
tube inside the HERA magnets. For the accelerator-use, the beam pipe was bent such that the
free aperture amounts to ~35mm, instead of ~55mm. Note that if the aperture would be not
reinstated approximately, the envisaged power buildup would only allow for an installation of
444 magnets (a high power buildup necessitates to have little clipping losses). However, with
444 dipole magnets only, probing couplings beyond the range of CAST [11] and in the physically
most interesting parameter region of ALP-photon couplings of g < 1071°GeV~! would not be
possible.

We have devised a method to reversibly straighten the beam pipe to an effective aperture of
~50mm by the insertion of ‘pressure props’ that stabilize the cold mass against the cryostat wall.
This was demonstrated first conceptually in a non-functional ‘PR’-magnet and subsequently,
the deformation ‘props’ were inserted at the ALPS-I magnet in a dipole test bench. The magnet
was quenched on purpose several times to demonstrate the stability of the setup in September
2012. The quench current was higher than during the last runs of ALPS-I.

Note that ALPS-IIc will only require to use spare dipole magnets. The dipole magnets in
the HERA ring itself will remain in place. Straightening of the 20 dipoles for ALPS—IIc is not
foreseen before 2014. Thus, at the moment, the required tools for this procedure are optimized.
Fast surveying techniques of the cold and warm dipole bore, respectively, are being studied.

As HERA is equipped with ion getter and titanium sublimation pumps, detailed studies
of the light emission in getter pumps have been started this year to asses the possibility fake-
signals on our detector, if getter-pumps are used in the regeneration region [12]. In any case,
the titanium sublimation pumps will suffice if a problem with light emission is inferred.

Detector:

For detecting photons at ALPS-II, fiber-guiding the photons to a Transition-Edge Sensor
detector (TES), is foreseen. In a nutshell, the current-change in a sophisticated multilayer
superconductor, operated at the superconducting edge, is picked up by an inductively coupled
SQUID at cryogenic temperatures. The cryostat used in ALPS-II to host the TES and the
SQUID is an adiabatic demagnetization refrigerator (ADR). Such a setup is perfectly suited for
single-photon detection due to its extremely low dark count rate.

Earlier this year, two TE sensors were lent to our collaboration from NIST in the US and
AIST in Japan, respectively. In close coordination with the PTB in Berlin, the detection system
with these sensors is set up at DESY as reviewed in [13]. Note, that in principle two channels
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are available such that two TE sensors can be used in parallel (e.g., one could be used to record
solely background events, first background studies have been performed [13]).

In a separate setup, we have studied the in-coupling of an ALPS-II-like photon beam (i.e.,
diameter as foreseen in experiment but different laser source) into a single-mode fiber. Focusing
on a fiber-coupler, an efficiency of more than 80% was achieved. Note that for the overall
detector sensitivity, quantifying the coupling of the fiber to the TES inside the ADR is also
foreseen.

As a detector fall-back option and for calibration purposes, the Princeton Instruments
‘PIXIS CCD’ used in ALPS-I has been characterized with respect to the detection of 1064nm
photons [14].

3 To take home

With (yet) little stringent indications towards BSM physics in laboratory experiments, it is
worthwhile, besides the high-energy frontier, also to keep in mind the sub-eV scale as potential
host of something undiscovered [15], including Dark Matter [16, 17]. ALPS-IT aims at exploring
a large parameter space of new sub-eV particle physics by combining idle accelerator infras-
tructure with pioneering optics and detector techniques. In summary, we hope to report to the
next, 10th PATRAS workshop 2014 at CERN with first ALPS-ITa measurement data.

The author would like to thank the workshop organizers for a topical and motivating confer-
ence. In addition, the author thanks the Aspen Center for Physics (NSF Grant #1066293) for
a lab-timeout to pick up on different unfinished projects and a quiet day to write up this note.
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We present the prospects for detection of KK-axions using a large volume spherical TPC
through natural decay to two gammas. The higher excited mass states of this axion model
allows to reach densities which could be detectable by this method. We show the capability
of this detector to detect 2-prong events coming from rest-mass axion decays and we provide
efficiencies obtained under some gas mixtures and pressure conditions. The sensitivity limit
of a future experiment with existing detectors geometry has been estimated for the case of
zero background limit.

1 Introduction

The axion is a hypothetical neutral pseudoscalar particle which was already predicted in 1977.
This new weakly interacting particle came out as an elegant solution to the CP problem of
strong interactions in QCD [1]. We focus on an extension to this model. In superstring theories
it turns out to be possible to lower the string scale without lowering the Planck scale [2, 3].
One of the most interesting features of the higher-dimensional axionic theories is that their
mass spectrum consists of a tower of Kaluza-Klein (KK) excitations, which have an almost
equidistant mass-space related to the compactification radius R [4]. Moreover, the coupling to
photons, g, of the excited states is of the same order as the coupling of the ground state,
which is naturally identified with the QCD axion.

As for the case of standard QCD axions, a considerable range of KK-axion mass modes
(up to about 20keV) should be produced in the Sun [4]. An immediate consequence of the
production of higher axion masses inside the Sun is the capability to produce low momentum
axions. A small fraction of the axions produced would have a momentum which is lower than
the Sun escape velocity, and these axions would keep gravitationally trapped describing elliptic
orbits around the Sun [5]. The accumulation of these axions during the Sun lifetime would
allow to reach detectable densities in the Earth’s neighborhood (see section 4).

2 Spherical TPC detector

We propose to use a spherical TPC [6] to detect KK-axions through its natural decay to two
photons, by studying the topology of 2-prong events. This detector consists of a spherical
grounded cavity which is filled with gas. In the center of this cavity is placed a small spherical
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sensor (made of metallic or resistive materials) where a high positive voltage is applied. The
field produced inside the cavity allows drifting the electrons and ions produced by ionizing
interactions in the gas. The field close to the sensor (typically 1cm diameter) is high enough
to produce signal amplification through electron avalanche processes (see Figure 1).

Drift region
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Figure 1: An schematic of the spherical TPC concept and detection principle.

The main advantages of using a spherical TPC reside on its simplicity, single read-out,
large volume capability, good energy resolution (11% FWHM at 6keV) and low electronic noise
related to the low capacitance of the spherical geometry. The low energy threshold is only
limited by the ionization energy of the gas (around 25 eV). The dynamic range of the detector
can be adjusted by using different values of the amplification field to scan interactions from few
eV to several MeV, as would be produced by alphas or heavy ions.

3 Detection efficiency to 2-prong events

One of the key features of our detector is the capability to detect 2-prong events. In a gaseous
detector there are two physical parameters that affect the probability to distinguish two gam-
mas, the attenuation length and the charge diffusion. This two parameters depend on the gas
mixture and pressure, providing the detector with certain flexibility to set the efficiency to this
kind of events. The field defined by the spherical geometry produces a strong dependence on
drift velocity and diffusion as a function of the distance to the sensor (see Figure 2).

In one side, we expect the attenuation length to be as short as possible so that both gammas
interact inside the detector, but in the other side, we want that the gammas to be far enough so
that they can be differentiated in the detector read-out. In order to evaluate the capability to
detect this kind of events in our detector we have produced Montecarlo simulations of rest-mass
decays to two gammas at different pressures and gas mixtures. We present efficiencies for two
typical mixtures used; argon+2%CHy, argon+10%CH, and neon+2%CH, (see Figure 3).

It must be noticed the great flexibility on detection efficiency by using different gas mixtures
and pressure, allowing to optimize the detector for this search. Different axion mass ranges can
be covered with different efficiencies by varying the pressure, supporting a hypothetical positive
signal which could be modulated with the detector pressure.
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Figure 2: Effect of diffusion for a 2-prong like event at different gas pressures. Inset plots show
the distance of the simulated events to the sensor, (left) two close events at about 30 cm, (right)
at about 60cm. The different pressures simulated at Argon+10%CH4 show how relevant is the
pressure choice in the capability to distinguish such events.
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Figure 3: 2-prong events detection efficiency as a function of the axion mass. (left) Gas
argon+CHy and spherical detector radius 65cm. (right) Gas neon+2%CH, and spherical de-

tector radius 30 cm.

4 Sensitivity prospects to KK-axions

The sensitivity of our experiment for detection of decaying KK-axions will depend on the model
described in [5] through the accumulated axion density (p,) and the decay rate, or mean life
(Ta). These quantities depend on the coupling of axion to photon (gq,) and the mass of the
axion (m,). Considering the mean life of these particles is few orders of magnitude above the
age of the solar system we can express these quantities as follows

2 -2
_ 39 (_Gay -3 _ 5 ( _Yay Ma =3
pa =118 X 10 (GeVl) m™®]  7,=135x10 <GeV1) (eV ) [s]. (1)

Our sensitivity will be directly related to the total number of decays observed in a certain
amount of time (tezy) in the volume defined by our detector (V) and the detection efficiency of
2-prong events (€4et). The number of decays observed is then given by the following expression,
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N’Y = 7—(:1 *Pa - ‘/sph . temp * €det (2)
which depends finally on the value of g, and m,.

In case no signal is observed we can obtain a limit on the coupling of the axion to photon.
For simplicity, here we present the sensitivity limit of such experiment in the case of zero
background which provides a rough estimate of the limits achievable (see Figure 4). Further
work on this direction should include the measured background level of the detector after
necessary optimization.
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Figure 4: Sensitivity limit estimation for the axion-photon coupling in case of zero background.
(left) Coupling limit for different exposure times (sphere radius 65 cm) in an argon+10%CHy4
at 100mbar. (right) Coupling limit for neon+2%CH, gas mixture (sphere radius 30cm) at
different pressures for a 180 days exposure period and the combined result.

5 Discussion

We have shown the sensitivities reachable with a spherical TPC for KK-axions search. The
existence of KK-axion implies the existence of the QCD axion, thus the estimated sensitivities
for this search correspond to an unexplored region on the QCD axion parameter space. We
conclude then that the sensitivities reachable with this type of experiment are competitive
enough to prove the existence of KK-axions (and thus QCD axions). In case no signal is found
we could set the first experimental limit on this type of axions.
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The EDELWEISS experiment aims at the direct detection of dark matter in the form
of WIMPs using Ge bolometers operated at 20 mK in a dilution refrigerator installed at
the Underground Laboratory of Modane. In addition to this primary search, Ge bolome-
ters are suitable to the study of other phenomena, such as the detection of axions or
axion-like particles (ALPs). We will present here results obtained in the framework of the
EDELWEISS-II experiment on different ALPs characterized by different coupling mecha-
nisms to ordinary matter and detected exploiting the coherent Bragg diffraction and the
axio-electric effect.

1 Introduction to axion detection in EDELWEISS

The hypothetical existance of a new, elusive pseudo-scalar particle, the axion, descends from
an elegant solution to the so-called CP problem in QCD [1, 2, 3]. Both the axion mass and
coupling strength to ordinary particles are inversely proportional to a symmetry-breaking scale
fa, which plays the role of a free parameter in the modern axion models, such as the popular
hadronic axions predicted by the KSVZ (Kim-Shifman-Vainstein-Zakharov) model [4] and the
GUT axions foreseen by the DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) model [5]. In both
cases, the axion mass, m4, is related to f4 according to:

(1)

16
mA:JGer( 0 GeV>

fa

The effective axion couplings to photons (g4 ), electrons (g4.) and nucleons (gan) are model
dependent [6, 7] and all proportional to the axion mass. In particular, hadronic axions, unlike
GUT axions, do not interact with ordinary quarks and leptons at tree level leading to a strong
suppression of g.. Experimental searches and astrophysical constraints can be translated to
limits on f4, or equivalently on the axion mass, within a given axion model.

The purpose of this article is to summarize the results — extensively described elsewhere [8] —
about the interaction of axions or ALPs produced by different mechanisms in the Sun or consti-
tuting the galactic dark matter halo. These results are obtained exploiting the EDELWEISS-II
germanium bolometers operated underground to search for WIMPs [9, 10]. Two detection
mechanisms in the germanium detectors are exploited: (i) the coherent Bragg diffraction [11],
related to ga, and (ii) the axio-electric effect [12, 13, 14], which is the analogue of a photo-
electric effect with the absorption of an axion instead of a photon.
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2 Results and discussion

First, we will shortly review the possible axion production mechanisms that are relevant for
the analysis here described. The Sun could be a major source of axions, due to the following
channels:

e Primakoff production: v — A in the presence of charged particles (ruled by the coupling
constant ga-~)

e Nuclear magnetic transition of ®”Fe nuclei (ruled by the coupling constant gan): °7Fe*
—5TFe + A

e Compton-like scattering (this and the remaining mechanisms are ruled by the coupling
constant ga.): e~ +y — e + A

e Axion bremsstrahlung: e~ — e~ 4+ A in the presence of charged particles
e Axio-recombination: e~ + I — I~ + A where I is an ion

o Axio-deexcitation: I* — I + A where I* is an excited state of I

The sum of axio-recombination and axio-deexcitation are often referred as the axio-RD mecha-
nism. The relative intensity of the mechanisms is model-dependent. For example, in the case of
non hadronic axions such as those described by the DFSZ model, fluxes related to Compton and
bremsstrahlung processes are far more intense than those predicted by hadronic models for the
same value of f4. This is due to the fact that the coupling to electrons arises at the tree level. In
this case, the Compton and bremsstrahlung channels for axion production largely prevail over
the Primakoff effect. On the contrary, the latter dominates hadronic axion emission. As for the
5TFe axions, whose flux depends only on the isoscalar and isovector coupling constants (which
combine to produce an effective coupling constant to nucleons, g‘jg\,), the axion production rate
is similar in hadronic and non hadronic models.

A second possibility leading to axion interactions in terrestrial detectors is that these par-
ticles constitute a major fraction of dark matter and are present in the galactic halo. When
testing this scenario, we have assumed that axions constitute all of the galactic dark matter.
The associated flux does not depend on any axion coupling.

In our search [8] we have used, depending on the production channel, two different mecha-
nisms for axion detection, i.e. the Primakoff effect and the axio-electric effect.

Through the Primakoff effect, axions can be converted into photons in the intense electric
field of the germanium crystal [11]. The wavelength of relativistic solar axions, with an energy
of a few keV, is of the same order of magnitude as the inter-atomic spacing of the detector.
Therefore, depending on the direction of the incoming axion flux with respect to the lattice, the
axion signal can be enhanced significantly through Bragg diffraction (EDELWEISS detectors
are mono-crystals). The corresponding correlation of the count rate with the position of the
Sun in the sky also helps further with an effective background rejection of about two orders of
magnitude. Since this effect is used to search for axions assumed to be produced in the Sun
through the Primakoff mechanism as well, it is possible to constrain specifically the coupling
constant g4~.

Axions can also be detected through the aforementioned axio-electric effect: A+e™+7Z—
e~ +7Z. The axio-electric cross-section, controlled by the parameter g4., was computed as a
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function of the axion energy in [12, 13, 14]. Through this mechanism, an incoming axion
of total energy E (relativistic or not) will generate an electron recoil with the same energy
within an EDELWEISS detector. When used to detect solar axions produced via Compton,
bremsstrahlung and axio-RD mechanisms, this detection approach allows to constrain solely
the parameter ga.. If instead it is used to search for ®’Fe axions, then bounds are set on the
product gae X gan. This process is exploited also for the detection of the hypothetical dark
matter axions, constraining once again g4e.

In order to perform our experimental axion searches, we benefit from the quality of the
EDELWEISS-II data set: a large exposure corresponding to 14 month data taking with ten
400 g germanium detectors, a good energy resolution and a very low background down to
an energy threshold of 2.5 keV. This low background was made possible thanks to both the
low-radioactivity underground setup of the experiment and the so-called ID detector design [15]
which allows a selection of interactions that take place within a fiducial volume for each detector.
For every event in this volume, we exploit also a special feature of the EDELWEISS detectors,
which provide a double signal for each particle interaction, corresponding to the energy FEjo,
deposited in the form of charge and to the energy FEjeat released in the form of heat. Electron
recoils are gaussian distributed along the line Fio, = FEheat- We rejected events beyond 3
standard deviations from ! this line.

No axion signal was observed over the en-

ergy range 2.5 — 20 keV, where all the investi- Channel Limit

gated mechanisms have the potential to pro- 5TFe Jae X g <482 x 1017
duce detectable features. This allows to set DM gae < 1.07 x 10712
first of all limits for each detection channel on C-B-RD gae < 2.59 x 10-11
the respective couplings, summarized in Ta- P gay < 2.15 x 109 QevV-—1

ble 1, where 5“Fe stands for 14.4 keV solar
axions emitted in 5"Fe de-excitation, DM for Table 1: Summary of the limits on the different
dark matter axions, C-B-RD for Compton- axion couplings (see text for channel labels).
bremsstrahlung and axio-RD axions, and P

for Primakoff axions. The quoted values are in the limit m4 = 0, except for the dark matter
case, which is given for m 4 = 12.5 keV, which provides the highest sensitivity in the investigated
mass range. All limits are at 90% CL except P (95% CL).

Channel 57Fe (gae % g‘fﬁv) C-B-RD (ga.) P (9ay)
KSvz 155eV < my < 144 keV | 272eV < my < 40 keV 578 <my <200 eV
DFSZ 8eV < my < 14.4 keV 0.92e¢V < ma < 80 keV 15 <ma <200 eV

Table 2: Excluded ranges of axion masses derived from EDELWEISS-II constraints (see text
for channel labels).

Within the framework of a given axion model, such as the two benchmark models KSVZ and
DFSZ, the only free parameter is the axion mass, or equivalently the symmetry-breaking scale f4
(see Eq. (1)). Therefore, our limits on the couplings constrain m 4 directly. The corresponding
bounds are reported in Table 2, where the KSVZ and DFSZ models are considered and the
channels are labeled as in Table 1.

In order to show the relevance of our search in an international context, in Figure 1 we
compare our limits in terms of axion couplings to ordinary matter with constraints from other
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Figure 1: Summary of the constraints obtained by EDELWEISS-II on the g4, and g4. axion
couplings as a function of the axion mass, compared with other searches.

experiments and astrophysical bounds. The references to other searches are detailed in Ref. [8].

3 Conclusions and perspectives

In this paper we have demonstrated the potential of germanium bolometric detectors equipped
with the ID design for ALP searches. Improvements are expected with future setups, such as
EDELWEISS-IIT and EURECA, thanks to both better energy resolution and larger exposures.

References

[1] R. D. Peccei and H. R. Quinn, Phys. Rev. D 16, (1977) 1791.
[2] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[3] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[4] J. E. Kim, Phys. Lett. 43, 103 (1979); M. A. Shifman et al., Nucl. Phys. B 166, 493 (1980).
[5] A. R. Zhitniskiy, Yad. Fiz. 31, 497 (1980); M. Dine et al., Phys. Lett. B 104, 199 (1981).
[6] D. B. Kaplan, Nucl. Phys. B 260, 215 (1985).
[7] M. Srednicki, Nucl. Phys. B 260, 689 (1985).
[8] E. Armengaud et al., Accepted for publication in JCAP, arXiv:1307.1488.
9] E. Armengaud et al., Phys. Lett. B, 687, 294 (2010).
[10] E. Armengaud et al., Phys. Lett. B 702, 329 (2011).
[11] R.J. Creswick et al., Phys. Lett. B 427, 235 (1998).
[12] A. Derevianko et al., Phys. Rev. D 82, 065006 (2010).
[13] M. Pospelov et al., Phys. Rev. D 78, 115012 (2008).
[14] F. Alessandria et al., JCAP 05, 007 (2013).
[15] A. Broniatowski et al., Phys. Lett. B 681, 305 (2009).

66 Patras 2013



Progress of the Laser-based Experiment OSQAR

M. Sulc', P. Pugnat?, R. Ballou®, G. Deferne*, L. Duvillaret®, M. Finger Jr.5, M. Finger®,
J. Hosek”, T. HusekS, R. Jost®, M. Kral”, S. Kunc', K. Macuchova”, K. A. Meissner®, J. Morville'°,
D. Romanini®, M. Schott*, A. Siemko*, M. Slunecka®, M. G. Vitrant®, and J. Zicha'

!Technical University of Liberec, Czech Republic

2LNCMI-G, CNRS-UJF-UPS-INSA, BP 166, 38042 Grenoble Cedex-9, France

3Institut Néel, CNRS and Universit Joseph Fourier, BP 166, 38042 Grenoble Cedex-9, France
4CERN, CH-1211 Geneva-23, Switzerland

SIMEP-LAHC, UMR CNRS 5130, Minatec-INPG, 3 parvis Louis Néel, BP 257, 38016 Grenoble
Cedex-1, France

6Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic

“Czech Technical University, Faculty of Mechanical Engineering, Prague, Czech Republic
8LSP, UMR CNRS 5588, Université Joseph Fourier, BP 87, 38402 Saint-Martin d’Heres, France
9Institute of Theoretical Physics, University of Warsaw, Poland

0L ASIM, UMR CNRS 5579, Université Claude Bernard Lyon-1, 69622 Villeurbanne, France

DOI: http://dx.doi.org/10.3204/DESY-PROC-2013-04/sulc_miroslav

OSQAR experiment at CERN is based on two laser methods for search of axions and
scalar particles. The light shining through the wall experiment has been using two LHC
dipole magnets with an optical barrier, argon laser, and cooled 2D CCD detector for the
measuring of expected regenerated photons. The second method wants to measure the
Vacuum Magnetic Birefringence. An optical set-up with electro-optical modulator has
been proposed, validated and subsequently improved in collaborating institutes. Cotton-
Muton effect in nitrogen was measured by this method. Prototype of a one-meter long
laser cavity was developed for this experiment.

1 Introduction

The OSQAR (Optical Search for QED vacuum magnetic birefringence, Axions and photon Re-
generation) is purely laboratory laser-based experiment, situated at CERN. Its aim is to explore
the low energy frontier of particle and astroparticle physics by combining the simultaneous use
of high magnetic fields with laser beams in two distinct experiments. In the first one, the photon
regeneration effect is looked as a light shining through the wall [1], [2], whereas in the second
one, ultra-fine Vacuum Magnetic Birefringence (VMB) predicted by the QED is aimed to be
measured for the first time. The OSQAR activities have the preparatory phases at laboratories
outside CERN, and measurement at CERN approximately 6 - 8 weeks per year. OSQAR takes
advantage of the CERN two state-of-the-art superconducting spare LHC magnets, and vacuum
and cooling facilities. The dipole magnets have two apertures of effective length 14.3 m, max-
imal magnetic field 9.5 T, perpendicular to apertures. Both magnets are placed on the same
straight line, so laser beam can pass through both magnets simultaneously.
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2 Experimental

2.1 Photon regeneration effect

The theory predicts photon conversion to weakly interacting axion in the magnetic field. This
axion can pass through optical barrier, and can convert back to detectable photon at the second
magnet field. It looks as light shining though the wall. Argon laser (3.3 W, multi-line mode 488
and 514 nm) has been used as a source of photons. The output light is linearly polarized parallel
to magnetic field, so it can be used for the search of new pseudoscalar - axion particles. To look
for scalar particles, a half-wave plate, oriented at 45 degrees, is inserted at the laser exit to align
the polarization perpendicularly to the magnetic field. The laser beam divergence was reduced
by a beam expander. The beam is attenuated and focused by additional lens to liquid nitrogen
cooled CCD detector to the spot of radius around 0.1 mm. CCD chip has 1024 x 256 square
pixels of 0.026 mm size. The four neighbouring pixels were binned into a 2 x 2 superpixels,
so array of 512 x 128 superpixels channels was finally used. The area, where we can expect
photon regeneration signal, is about 5 x 5 superpixels. The quantum efficiency of the detector
is equal to 30 percent for the argon laser wavelengths, dark current is about 0.5 electrons per
pixel per hour, and readout noise is typically 3.4 electrons. The laser was shining with the lower
power 1.62 W due to mode stability problems Exposure times for one 2D recorded image were
15 minutes. Total duration of data taking was 22 hours for pseudoscalar search and 24 hours
for scalar search.

The analyses were performed to interpret the photon regeneration experimental runs. Cos-
mic noise, observed as high signal on small area of 1 - 4 superpixels, was cleaned. All data for
scalar/pseudoscalar particles were added separately. The data (matrix of intensities - events on
CCD superpixels) was divided to the clusters of 4 x 5 superpixels. The integrated signal of each
cluster was calculated as the sum of all recorded counts of the corresponding 20 super-pixels.
The integrated signal ranges between the lowest and the high signal limits due to random dis-
tribution of noise in clusters. The numbers of clusters with the same integrated signals were
calculated. Histogram of these numbers was accurately fitted with Gaussian distribution func-
tion. No cluster with higher number of events was detected. We can assume from Gaussian
fitting parameters that if there is a flux greater than 6.32 photons per hour, we must detect
it (conservatively for the 95 percent confidence interval for both scalar/pseudoscalar particles).
The values of coupling constants of possible new light scalar and pseudo-scalar particles that
can couple to two photons is constrained in the massless limit to be less than 8.0-1078 GeV 1.
It confirms the present reference results obtained by the ALPS collaboration [3].

2.2  Vacuum magnetic birefringence measurement

The predicted VMB [4], [5] effect is very weak so the experiment starts with magnetic-field-
induced birefringence measurement at gases (also known as a Cotton-Mouton effect), in air, in
nitrogen, diluted nitrogen, helium, with final aim to measure VMB. The optical set-up based on
the use of an electro-optical modulator is shown in Figure 1. A laser beam, linearly polarized by
a prism (polarizer), is sent through the electro-optical modulator before propagating trough the
birefringence sample, where the light acquires the ellipticity to be measured. The polarization of
the beam is finally analyzed by a polarizer prism (analyzer), and the modulated light intensity is
detected by a photodiode. The electro-optic modulator converts the linearly polarized light into
circularly polarized light oscillating between left-handed and right- handed ellipticity at 49.4 kHz
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(maximum frequency is limited by second harmonic signal for 100 kHz Lock-in amplifier, which
was used for signal detection ). The set of possible configurations of polarized elements was
investigated. The best orientation of each successive component in the set-up is at 45 degrees
rotation to its previous element [6].
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Figure 1: Set-up for the measurement of the Gas Magnetic Birefringence.

Stabilised He-Ne laser 632.8 nm and corresponding optical components were chosen. The
optical set-up was installed with one LHC dipole dedicated to OSQAR. The Cotton-Mouton
effect was measured in Ny gas with pressure in the dipole aperture ranging from 1000 to 2000
mbars. The measured optical retardance was found to increase with the square of magnetic field
as expected. The constant of the Cotton-Mouton effect for Ny at 1 bar was found to be equal
to - 3.6-10~7 rad T~2m~!. The difference in refractive indices for = 632.8 nm, and L = 14.3 m
effective LHC dipole magnetic length was n - 2.28:10713 for Ny at atmospheric pressure in 1 T
field. This result is in good agreement with published values [7].

2.3 Development of high finesse optical cavity

Application of resonant cavities will increase the optical path of the laser beam passing within
strong magnetic field and it can increase sensitivity of the both laser experiments. A prototype
of an one-meter long plano-concave resonator cavity was built in the laboratory of CTU Prague.
The cavity is constructed to be used with He-Ne laser, wavelength 632.8 nm. The optical cavity
is build using two circular mirrors: one semi-permeable planar 2 - inch mirror and one highly
reflective concave 2 - inch mirror with radius of 1 m. Distance between the mirrors is 980 mm.
Mirrors are mounted in kinematic holders. Planar 2-inch mirror is used for locking the cavity
resonance frequency. The mount of this mirror has 5 degrees of freedom (two rotations and
three translations) tuned by piezoelectric actuators and controled by a close loop controller.
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Concave 2-inch mirror has 4 degrees of freedom (two rotations and three translations) and its
mount can be also positioned by piezoelectric actuators too.

Obviously all components should be compatible with ultra-high vacuum (< 10~° mbar).
The light will be locked inside the cavity using the Pound-Drever-Hall lock-in technique [8].
The prototype was successfully tested at the laboratory. Two full length (19.6 m) cavities are
now built on the base of these experiences. The first one for VMB experiment, using 632 nm
He-Ne laser, the second one for photon regeneration experiment, using second-harmonic of solid
state laser 532 nm used at present. Both with different optics, but with the same mechanics
and piezoelectronics control.

3 Conclusion

The results of the photon regeneration experimental runs for pseudoscalar/axion and scalar
particle search were deeply analyzed. They confirm the results published by the ALPs collab-
oration. Progress towardst the measurement of the VMB has been achieved. Cotton-Mouton
effect for Ny at 1 bar was used to confirm sensitivity of apparatus. The constant of the C-
M effect was found to be equal to - 3.6-10~7 rad T~2m~'. The one-meter long prototype of
the cavity was built and tested. New full length cavities for VMB and PR experiments were
designed and constructed too.
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We show that the emission of axions coupled to photons with g, > 0.8 x 107 °GeV !
would eliminate the blue loop stage for stars in the mass window ~ 8 — 12 M. This is
excluded by observations of the blue sequences and of Cepheid stars.

1 Introduction

Stars are efficient laboratories to study the properties of light, weakly interacting particles.
Observations require, in fact, that the energy drain cannot be too different from the Standard
Model (SM) predictions [1]. This has provided a great deal of understanding in different sectors
of particle physics beyond the standard model, including nonstandard neutrino properties [2,
3, 4], majorons [5], novel baryonic or leptonic forces [6], and more recently unparticles [7] and
extra-dimensional photons [8].

An interesting example of light, weakly interacting particle is the axion [9, 10, 11, 12]
and, more generally, Axion Like Particles (ALPs). These are pseudoscalar particles coupled to
photons through the interaction term

Loy = —g%aFF. (1)

Current experiments are probing the region of g,, ~ 107'1°GeV ™! and it is common to mea-
sure the coupling strength in terms of the dimensionless parameter gi9 = ga,/(107°GeV™1).

Astronomical observations can provide very useful insights in our knowledge of this coupling.
In particular, the analysis of globular cluster stars in the Horizontal Brunch (HB) in comparison
with the number of stars in the Red Giant (RG) phase leads to the strong bound g19 < 1, valid
for masses below a few 10 GeV, that is for axions light enough to be efficiently produced in the
stellar core [13, 14].

A slightly stronger bound, valid however in a quite smaller ALP mass range, is derived from
the terrestrial experiment CAST (Cern Axion Solar Telescope) [15], which has excluded the
region g9 > 0.88 for an ALP mass below 0.02 eV.

The strongest bound to date, however, is derived by the analysis of the evolution of massive
stars [16, 17]. These stars, while burning helium in their core, evolve into a stage called the blue
loop during which they contract and expand again. In the Hertzsprung-Russell (HR) diagram,
this appears as a loop which extends toward the left (see Figure 1), in the region of higher
surface temperature (blue) before turning back in the colder (red) region to the right side of
the diagram.
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The existence of the loop is corroborated by astronomical observations. In particular, the
loop is essential to account for the observed Cepheid stars.

In [16] it was shown that the additional cooling induced by axions coupled to photons would
eliminate this evolutionary stage for stars of mass between 8 and 12 Mg, unless g19 < 0.8.

Here we will discuss this new constraint on the axion-photon coupling and provide some
insight on how the blue loop stage can be used as a sensitive probe for exotic processes and
weakly interacting particles.

2 Blue loop and particle physics

At the end of the H-burning stage (main sequence)

stars expand and cool down. During the following 4.5 e
stage the star burns helium in the core and hydro- 44
gen in a shell.

Figure 2 (top curve) shows the surface tem-
perature evolution of a 9.5M, star from the main §
sequence to the end of the He-burning stage. The ED
transition from H- to He- burning happens at 38
tms ~ 23.8 Myr and corresponds to the (relatively E
fast) migration toward the right of the HR dia- gsbnliin oo dondbon Lo,
gram shown in Fig. 1 (pre-blue loop stage). 44 42 4 3836

As shown in Fig. 2, at tp, ~ 25.4 Myr the Log(Zer[KD
surface temperature rapidly increases and the star
contracts. This is the start of the blue loop stage,
a migration toward the left of the HR diagram.
Simulations have shown that this happens when
the hydrogen has burned enough in the shell and
the H fraction has reached an almost step-like pro-
file 18, 19, 20].

Finally, after another 1 Myr or so, the surface temperature begins to decrease again and the
star starts its journey back to the right of the HR diagram. Physically, the end of the stellar
contraction and the turning back in the HR diagram, say at t = tpack, is caused by the dropping
of the helium content in the core below some threshold value [18].

It is quite remarkable, for our analysis, that the set and the end of the blue loop stage are
determined by the physics of the shell and of the core respectively. Consequently, an exotic
process which is efficiently produced in the core but not in the shell would cause a shortening
of the blue loop stage without significantly changing ¢py, (see Fig. 2).

Observationally, the shortening of the blue loop stage corresponds to a reduction of the
number of blue with respect to red stars of a given luminosity (see [21] for a recent analysis of
the observations).

More significantly, if the ratio of the time scales of the core and shell burning changes
enough, the blue loop stage may disappear altogether [22] and that would have the additional
consequence of leaving us without an explanation for the observed Cepheid stars at that par-
ticular luminosity. Given the good level at which the Cepheid stars are known, the complete
disappearance of the blue loop stage, even for a small range of luminosities, is observationally
forbidden.

w
~

Figure 1: Evolution in the HR diagram of
a 9.5 Mg star. The region between the two
dashed lines is the instability strip, where
the Cepheid variables are found.
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Figure 2: Surface temperature evolution of a 9.5 Mg star for three different values of the
axion-photon coupling.

This fact can be used to constraint new physics, in particular novel cooling mechanisms
which are strongly dependent on the temperature and efficient at relatively low densities.

As a simple criteria, we require that an additional cooling mechanism must always satisfy
thack = tL to guaranty the existence of the blue loop. This may be more conveniently restated
in terms of the He-burning stage lifetime as follows: an additional cooling is phenomenologically
forbidden if

the/tue < (tBr — tms)/ (thack — tas) - (2)

The exact value for the right hand side should be determined by numerical simulations
and depends on the star mass and, possibly, other stellar parameters. Our simulations with
the publicly available stellar evolution code MESA [23] show that a value of 0.8 is a fairly
conservative choice for stars of initial mass around 10 M. A more detailed analysis is in
preparation.

3 Discussion and conclusion

The blue loop criteria described above is very efficient in constraining the axion-photon cou-
pling [16].

Axions (and, more generally, ALPs) can be produced in stars through the Primakoff process,
v+ Ze — a + Ze, which is efficient at relatively low densities and high temperatures, that is,
in an environment typical of the core He-burning stars. After being produced, they freely
stream out of the star carrying energy away and providing, therefore, a very efficient cooling
mechanism. This results in a shortening of the He-burning stage.

In the case of low mass HB stars, it is possible to show that, under reasonable assumptions,
tho/te =~ 1/(1 + 0.4g%,) [1]. Preliminary simulations indicate that the above scaling formula
is reasonably correct also in the case of more massive stars.

From the discussion in the previous section we know that a 20 % reduction of the (central)
He-burning time would eliminate the blue loop stage for stars in the 10 Mg mass range and
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is, therefore, observationally forbidden. This corresponds to the requirement that g;9 > 0.8, a
result confirmed by the numerical simulation shown in Fig. 2.

This bound is somewhat more stringent than the one from HB stars. In addition, since

the core temperature of more massive stars is higher than that in low mass stars, the bound
extends to higher ALP masses.

Only recently massive stars have been considered to study particle physics [24]. This work

shows that they may be quite efficient laboratories.
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The propagation of high energy (HE, E, > 100 MeV) and very high-energy gamma-rays
(VHE, E, > 100 GeV) in the extra-galactic photon field leads to pair-production and
consequently energy- and distance-dependent attenuation of the primary intensity. The
spectroscopy of an increasing number of extra-galactic objects at HE and VHE energies
has demonstrated indeed the presence of such an attenuation which in turn has been used
to constrain the photon density in the medium. At large optical depth (7 2 2) potential
modifications of pair-production due to competing but rare processes (as, e.g., the presence
of sub-neV axion-like particle) may be found. Indications for a pair-production anomaly
have previously been found with VHE-spectra. Here, we present further indications (at the
level of 3.68 o) for a reduced optical depth at high energies from an analysis of Fermi-LAT
data.

1 Introduction

The extra-galactic photon field in the optical/ultraviolet and infra-red is the stellar and dust-
reprocessed light (see [7] for a review) accumulated during the cosmological evolution following
the era of re-ionization. For sufficiently energetic (E > 10 GeV) photons from distant sources,
pair-production processes with this background photon field lead to an energy- and distance
dependent exponential attenuation, exp(—7), where 7 is the optical depth. This effect has
recently been detected in the observed HE gamma-ray spectra of 50 Blazars in the redshift range
0.5 to 1.6 [3] as well as independently in the observed VHE gamma-ray spectra of mainly 2 BL
Lac type objects at redshifts of 0.116 and 0.186 [1]. Given the measurement uncertainties, the
spectral shape of the extra-galactic background light (EBL) has been fixed to a choice of models
with normalizations left to vary. The two independent measurements of the redshift dependent
EBL level for one particular model [11] is shown in Fig. 1. Given the large uncertainties,
variations of the normalization by a factor of two are consistent with the data. Particularly, the
VHE data favor a drop of the EBL normalization towards larger redshifts, broadly consistent
with the HE measurement.

At large optical depth (7 > 2), modifications of the transparency by non-standard propagation
effects may lead to noticable effects in the attenuation. Even though in principle the residuals
(Fig. 4 of [1] and Fig. 2 of [3]) do not show obvious deviations from the best-fit, it is difficult
to interpret this result given that the normalization of the EBL (and therefore of the optical
depth) was varied by more than a factor of two between the different redshift bins.
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Several studies of the VHE measurements provided indications for deviations from the expected
transparency [4, 5, 9, 12]. The proposed interpretations have either focussed on the assumption
that Blazars are powerful accelerators of ultra-high energy protons [8] or additional processes
including light pseudo-scalars (a la axion-like particles, for a review see, e.g., [13]) have been
invoked [6, 16]. In this contribution, we extend our previous work in the HE energy regime (see
also [15] for an update of the original analyses of VHE data [12]) using Fermi- LAT observations
of distant AGN [14].1

EBL-model:
Franceschini et al. 2008
o
15+ 1
5 J: Figure 1: Comparison of the
g ! high-energy (E, > 100 MeV)
a L | and VHE (E, > 100 GeV)
Ea‘ measurements of the nor-
g 7 malization factor of the
: extra-galactic background light
05 1 (EBL) for different ranges of
redshift.
Fermi-LAT [arXiv:1211.1671 .
0 . . HE.S.S. [ilar)(iv:121|2.3409] L "
0 0.2 04 0.6 0.8 1 1.2 14 1.6

z

2 Fermi-LAT observations

The data-set from the first 4.3 years of operation (until Nov. 29, 2012)? of Fermi-LAT are
searched for the most energetic photons which can be associated with known gamma-ray emit-
ting AGN from the second Fermi-LAT catalog [18] as well as from [17]. Each photon-like event
detected at energies E,, > 10 GeV at high Galactic latitude [b| > 10° of event class ULTRACLEAN
and zenith angle Z < 100° is matched against the list of AGN with known redshift. An event
is considered to be associated with a source, if its angular uncertainty (rgg at 68 % c.l. derived
from the instrumental response function P7V6_ULTRACLEAN from the in-flight calibration)
is larger than the angular distance to the location of the AGN. The resulting list of photons (see
Fig. 2) contains 23(9) photons with optical depth 7 > 1(2). Similar to the study carried out
with VHE-spectra, we focus on the photons detected from sources at an optical depth 7 > 2 (as-
suming the best-fit level of the extra-galactic background [3]). The two highest-energy photons
exceeding the well-calibrated energy range of 500 GeV are excluded from the sample as well as
four photons where the probability of association with the source is less than 90 % even in the
case of no absorption present®. The final sample comprises three photons from GB6J1001+2911

INote, the search for anomalous transparency effects as discussed here is complementary to searches for
additional noise induced by photon-axion coupling in AGN spectra as originally proposed for optical QSO
spectra [19] and recently extended to a VHE and X-ray spectra [20].

2using time-intervals passing the standard cuts

3The probability is calculated using the gtsrcprob tool.
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(7(E = 308 GeV, z = 0.558) = 2.18), S4 0218435 (7(F = 179 GeV,z = 0.944) = 2.46), Ton
599 (7(E = 301 GeV,z = 0.725) = 3.1). For each photon and source, the number of photons
predicted from the source for a nominal absorption is calculated (= O(1072)) as well as the
number of background events (= O(10~%)). The predicted number of source photons is based
upon a power-law extrapolation of the energy spectrum fit in the range from 1 GeV to the
energy where absorption diminishes the expected flux by 1 %. A power-law was chosen even
in the case of significant curvature of the energy spectrum. Given this choice, the predicted
number of source photons is an upper limit to the real value.

The resulting probability for detecting the three photons is combined using Fisher’s method [10]
to be Pyre—trial = 6.57 x 1076(4.36 o) and correcting for trials Pyost—trial = 1.17 x 1074(3.68 o),
consistent with the result obtained from the VHE data. Systematic effects include changing of
the energy within the estimated 68 % c.l. uncertainty (Ppre—trial = 3.34 x 107°) and assuming
a harder intrinsic spectrum (Ppre—trial = 1.85 X 10’5). In both cases, the probabilities increase,
but the significance remains larger than 3 o.

10°

S

% 1 Figure 2: Photons detected at

2 energies £ > 10 GeV associ-

& ated with ~-ray emitting AGN
10

1 with known redshift.

Redshift z

3 Summary and discussion

We have extended our previous work to search for anomalous transparency of the Universe to
very-high energy (VHE) ~-rays to the low-energy regime covered with the Fermi-LAT instru-
ment. We find three photons from three sources with optical depth 7 > 2. The combined
probability to detect these photons is (post-trial) 1.17 x 10=* corresponding to (3.68 o). The
on-going observation as well as improvements of data-analysis will increase the sensitivity to
search for deviations from the expected (astrophysical) transparency for gamma-rays. Future
observations carried out with the next generation of ground-based air Cherenkov telescopes
(Cherenkov telescope array: CTA [2]) will bridge the energy gap between the energy range
covered with today’s ground based installation and space-based telescopes and therefore will
be sensitive to confirm the indications for anomalous transparency.
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Measurements in the radio regime embrace a number of effective approaches for WISP
searches, often covering unique or highly complementary ranges of the parameter space
compared to those explored in other research domains. These measurements can be used
to search for electromagnetic tracers of the hidden photon and axion oscillations, extending
down to ~ 107*°eV the range of the hidden photon mass probed, and closing the last
gaps in the strongly favoured 1-5 ueV range for axion dark matter. This provides a strong
impetus for several new initiatives in the field, including the WISP Dark Matter eXperiment
(WISPDMX) and novel conceptual approaches for broad-band WISP searches in the 0.1-
1000 peV range.

1 WISP in the radio regime

The scope of experimental studies of dark matter (DM) has been expanding steadily towards
low energies and to weakly interacting slim particles (WISP) [1, 2, 3] such as axions, axion-like
particles (ALP) and hidden photons (HP). Best revealed by their coupling to standard model
(SM) photons, the WISP may give rise to dark matter for a broad range of the particle mass and
the photon coupling strength [4] as indicated by red lines in Fig. 1. At particle masses above ~
1073 eV, the existing constraints effectively rule out WISP as DM particles, while there are very
few measurements reaching sensible exclusion levels at lower energies. This domain corresponds
to the radio regime at frequencies below 240 GHz where highly sensitive measurement techniques
are developed for radioastronomical measurements, with typical detection levels of < 10722 W.
Such sensitivity provides excellent opportunities for laboratory [5, 6, 7] and astrophysical [8]
searches for WISP of both cosmological (dark matter) and astrophysical origin (photon-WISP
conversion). The dependence of the latter signal in HP on the distance to the target object
also offers a unique tool for reaching particle masses down to < 1078 eV [9] (see Fig. 1).

2 Astrophysical measurements
Astrophysical measurements in the radio can broaden substantially the range of parameter space

probed for ALP and HP. Analysis of the WMAP CMB measurements in the radio domain at
frequencies above 22 GHz has already provided excellent ALP and HP bounds down to masses
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Figure 1: Exclusion limits for hidden photon (top) and ALP (bottom) couplings to SM photons.
Existing measurements are indicated with gray/blue/dark green shades and white captions.
Expected limits from future measurements are indicated with light green shades and black
captions. The yellow band in the axion plot marks properties of the QCD axion. Red color
indicates theoretical constrains for hidden photon and axion production and expectations for
dark matter and dark radiation (for hidden photons) produced by hidden photons (figures
adapted from [3]).
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of 2 x 1071*eV [10, 11]. Dedicated radio astronomical measurements at frequencies below
22 GHz should extend axion searches to masses below 1072 eV and probe coupling constants
down to 10714 GeV~! [12]. Signals from relic DM axions can be detected in the spectra of
isolated neutron stars [8] and possibly also in pulsars.

2.1 Hidden photon signals in compact radio sources

For hidden photons (~5), radio observations at frequencies below 22 GHz offer an excellent (if not
unique) tool for placing bounds on the mixing angle x for m., down to ~ 107'® eV [9]. Existing
data are sufficiently accurate for detection of kinetic mixing angles x down to ~ 0.01, yielding
presently a weak hint for a possible oscillatory signal with y ~ 0.02 in the 2-5 x 10716eV
energy range. As adverse systematic effects mimicking the signal cannot be presently excluded,
this indication should be verified. Placing better bounds on x down to < 1072 can be made by
using the expanded capabilities of the next generation radio astronomical facilities [9].

3 Laboratory experiments

Laboratory experiments using resonant microwave cavities at frequencies between 0.5 and
34 GHz have yielded the best sensitivity achieved for HP and ALP dark matter at masses
below 1073 eV [13]. While capable of reaching the fundamental sensitivity levels, these experi-
ments are slow in scanning over large ranges of mass. Novel and fast broadband measurement
techniques are critically needed here.

3.1 Microwave cavity experiments

Building on the success of the ADMX axion DM searches [5, 6, 13] covering the 2-5 ueV energy
range, a WISP Dark Matter eXperiment has been initiated at DESY and the University of
Hamburg, aiming at covering the 0.8-2 ueV energy range. The experiment utilizes a 208-MHz
resonant cavity used at the DESY HERA accelerator and plans to make use of the H1 solenoid
magnet. The cavity has a volume of 460 liters and a resonant amplification factor ) = 46000
at the ground TMg;o mode. The H1 magnet provides B = 1.15T in a volume of 7.2m?. The
signal is amplified by a broad-band 0.2-1 GHz amplifier with a system temperature of 100 K.
Broad-band digitization and FFT analysis of the signal are performed using a commercial 12-bit
spectral analyzer, enabling measuring at several resonant modes simultaneously.

Since the bandwidth of a single measurement is oc Q ', the resonant modes of the cavity
must be tuned in order to enable scanning over a sizable range of particle mass. The tuning
will be done with a plunger assembly providing a ~ 2 MHz tuning range at the ground mode.
The expected exclusion limits are shown in Fig. 1.

3.2 Experimental concepts for broad-band searches

The exceptional sensitivity of microwave cavity experiments comes at the expense of rather
low scanning speeds (~ 10 MHz/year for WISPDMX), 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 Q = 1.
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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 pro-
vides a signal enhancement proportional to the area of the reflector [7]. Another possibility is
to use the combination of large chamber volume and strong magnetic field provided by super-
conducting TOKAMAKSs or stellarators such as the Wendelstein 7-X stellarator in Greifswald
(providing B = 3T in a 30m?® volume). The exclusion limits expected to be achievable with
the spherical reflector and stellarator experiments are shown in Fig. 1.

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 fractal antenna elements
providing a broad-band receiving response and also enabling directional sensitivity to the in-
coming photons (through high time resolution enabling phase difference measurements between
individual elements).

Further exploration of these approaches should ultimately enable performing definitive
searches for hidden photon and axion/ALP dark matter in the 10~7-1073 eV mass range.
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We discuss the constraints derived on the mixing of photons with light pseudoscalars using
the distributions of good-quality linear and circular polarisation measurements of light
from the least polarised classes of quasars. We also provide the dependence of our limit
on the average electron density in the local supercluster for nearly massless particles.

1 Introduction

In theoretical extensions of the Standard Model, all the new particles are not necessarily on the
heavy side; the prediction of very light (sub-eV) scalar or pseudoscalar particles that are very
weakly interacting is actually quite generic. Looking for signatures of such “axion-like parti-
cles” (or ALPs) therefore represents another exciting possibility to probe the kind of physics
there can be at very high scales, associated with these new degrees of freedom, which is com-
plementary to collider searches. It is thus not surprising that a lot of ongoing effort is made
to scan the parameter space of these hypothetical particles, actively searched for mostly via
their electromagnetic coupling. Current experimental developments include for instance light-
shining-through-a-wall experiments such as ALPS, which is being upgraded [1], or projects of
next-generation helioscopes such as the International Axion Observatory [2].

Due to their mixing with photons, these spinless particles are moreover not only of interest
in particle physics but also in astrophysics, as their existence would change the properties and
the propagation of light emitted from distant sources. A sizeable signal could be expected as
the distances involved are huge, even if the ALPs are only coupled very weakly. In this context,
various phenomena have in fact already been interpreted as possible astrophysical hints for the
existence of ALPs, especially in the low-mass region of the parameter space: namely ALPs with
masses m < 1072 eV and couplings to photons g ~ 10712-10~!! GeV~!. For a recent summary
of the motivations for these particles from theory and of their implications, see Refs. [3, 4, 5]
and references therein.

In this work [6], we consider light coming from quasars. The fact that these high-luminosity
active galactic nuclei (AGN) are among the brightest and furthest steady light sources known
in the Universe makes them particularly appealing to look for signals of ALPs and to con-
strain their parameter space. We focus on the window of astrophysical interest and show that
constraints can be derived using both linear and circular polarisation data.
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2 What polarisation can tell us

Polarimetry is an extremely valuable tool to search for axion-like particles as the interaction
of these particles with photons, in external magnetic fields for instance, would change the
polarisation of light [7, 8, 9]. Suitable interaction Lagrangians read

1 . Lo
Ly = I gOF,, F* = —g¢(E - B) for pseudoscalar ¢, "

1 1 o, "
and Lyyy = 1 goF,, FI = 3 gp(B* — E?) for scalar ¢,

and lead to similar phenomenological consequences; henceforth we focus on pseudoscalars. In a
nutshell, one expects from the mixing that even unpolarised light will develop a non-vanishing
degree of linear polarisation and that, in general, linear and circular polarisation will convert
at least partially into one another as a consequence of phase-shifts induced by the mixing.! As
is well-known and readily seen from Eq. (1), this is because, in an external magnetic field, such
spinless particles only couple to one direction of polarisation [10].

The mixing can actually be very efficient at modifying polarisation and can therefore be
constrained by precise measurements. The limits derived from the absence of rotation of the
linear polarisation of UV light from AGN [11] are a recent example of this.

In this work, we follow a different idea, which is to consider the spectroscopically defined
quasar classes known to have the smallest intrinsic polarisations in visible light, and to compare
the predictions of the mixing with observations. As already discussed by Harari and Sikivie
in Ref. [9], light from distant sources should be characterised by at least some amount of
polarisation if axion-photon mixing happens along the way. We do this for both linear (pjn)
and circular (peirc) polarisation.

Quasar polarisation measurements at optical wavelengths can be found in the literature with
uncertainties below 0.1%. Light from quasars is known to be intrinsically linearly polarised, as
differences can be seen in different spectroscopic types, and the polarisation is at the 1%-level
for the least polarised ones. If there are many catalogs of linear polarisation measurements,
the same cannot be said about circular polarisation: it has rarely been studied, despite being
measured in the same way as the linear one by simply adding a quarter-wave retarder plate.
Following the predictions of the mixing, new dedicated observations of quasar circular polari-
sation in visible light have therefore been carried out [12]. For observational reasons, most of
the objects are located towards the North Galactic Pole direction, which points to the center of
the local supercluster; see e.g. [13]. No evidence for non-vanishing circular polarisation could
be found at the 30-level however [12].2

We will not repeat here the discussion leading to our subsample (pj, and peire) or the
method used to obtain our limits, as all the necessary details can be found in Ref. [6]. Let us
simply emphasise again that we have aimed at being as conservative as possible: taking only
into account the influence of the magnetic field in the supercluster, allowing the magnetic field
to get a longitudinal component most of the time (and allowing other quantities to fluctuate),
as well as considering initially unpolarised light to make sure that the final polarisation due to
the mixing is not overestimated for example.

1There are different regimes, with distinctive properties; more details can be found for instance in Ref. [3].

2That is, except for some highly linearly polarised blazars which could be intrinsically circularly polarised:
as for radio waves, their optical emission would mostly be due to beamed synchrotron radiation from ultra-
relativistic electrons rather than to the usual thermal emission from the accretion disc; see, e.g. Refs. [12, 14].
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Using a conservative method leading to robust results, we can safely say that the mixing
of light with axion-like particles is strongly constrained by the good-quality measurements of
polarisation, and especially of circular polarisation, even when bandwidth effects are taken
into account [15]. However this might say something about the magnetic fields or the electron
density, and not about ALPs. This is why we provide here the evolution of our limit with the
maximum transverse magnetic field strength and with the mean electron density.

The only reported detection available in the literature for the magnetic field in the local
supercluster plane favours a collection of ~ 2 G magnetic field domains that are coherent over
~ 100 kpc [16], averaging to a field 5-10 times weaker at the supercluster scale. If we use this
result, the 20-limit we obtain is g < 2.5 x 10713 GeV~! for m < 4.2 x 10714 eV; as emphasised
in our paper [6], this limit can however be easily rescaled for any other value of the magnetic
field strength as it always appears together with the coupling constant in the equations.

On the other hand, in order to give the evolution of our limit with the average electron
density, we can take advantage of the fact that, for ALP masses much smaller than the plasma
frequency

e
106 cm—3’ )

the two dimensionless quantities that determine the evolution of the Stokes parameters then
become independent of m, leading to a plateau [6]. Here, we give in Fig. 1 the evolution of
this plateau for various values of the average electron density neo; the case illustrated in the
paper [6] is given by neo = 107% cm ™3, which is the value usually considered in superclusters.
The information is summarised by saying that points in the parameter space are excluded at 1o,
20 and 30 when the average probability that they contradict the observations is respectively
68.3%, 95.5% and 99.7%. As anticipated in the paper, the limits on the coupling constant g
for nearly massless pseudoscalars would be more stringent for values of the plasma frequency
smaller than the one we have considered, which reflects the fact that the mixing then becomes
more efficient. Conversely, if the electron density in the local supercluster were to actually be
much higher than that, then no constraint could be put on such particles as the mixing would
then simply not take place in that medium.

wp =3.7x 1071 eV x
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One of the mysteries of very-high-energy (VHE) astrophysics is the observation of flat
spectrum radio quasars (FSRQs) above about 30 GeV, because at those energies their broad
line region should prevent photons produced by the central engine to escape. Although a
few astrophysical explanations have been put forward, they are totally ad hoc. We show
that a natural explanation emerges within the conventional models of FSRQs provided
that photon-ALP oscillations take place inside the source for the model parameters within
an allowed range.

1 Why do VHE quasars exist?

With the advent of Imaging Atmospheric Cherenkov Telescopes (IACTs) H.E.S.S., MAGIC,
VERITAS and CANGAROO III (the last one is not anymore operative) the VHE astrophysics
has undergone a stunning development. Among the many discoveries, a remarkable one is that
active galactic nuclei (AGN) emit photons up to energies of a few TeV.

Before proceeding further, let us recall the basic properties of AGN. Basically, they are
supermassive black holes (SMBHs) at the centre of elliptical galaxies. While observations
have shown that SMBHs are hosted at the centre of both spiral and elliptical galaxies, in the
former case they tend to be quiescent while in the latter one they are often active, namely
they accrete matter which emits at all frequencies. Observations entail that such an emission
is non-thermal, and two possible mechanisms have been envisaged. One is leptonic in nature,
and usually called synchro-self Compton mechanism (SSC): owing to the presence of a magnetic
field, relativistic electrons emit synchrotron radiation, and these photons acquire much larger
energies by inverse Compton scattering off the parent electrons. In some cases also external
electrons are responsible for the latter process. The resulting spectral energy distribution (SED)
vF, o< E?dN/dFE has two peaks: the synchrotron one located somewhere from the IR to the
X-ray band, while the inverse Compton peak lies in the «-ray band around 50 GeV. The other
emission mechanism is hadronic: the situation is the same for synchrotron emission, but the
gamma peak is produced by hadronic collisions so that also neutrinos are emitted. In either
case — because the SMBHs is generally rotating — it is surrounded by an accretion disk and
the emission is strongly beamed in the direction perpendicular to the disk, which gives rise to
two jets. As a consequence, they can be detected only when one of the jets points towards us.
It has become customary to call blazars the AGN which are in such a configuration. This is
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schematically shown in Fig. 1.

Narrow Line
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Figure 1: Schematic structure of an AGN.

As a matter of fact, blazars are commonly divided into two classes, depending on whether
or not the broads line region (BLR) — at about 1 pc from the centre — is present or not. In
the former case the blazar is called flat spectrum radio quasar (FSRQ), whereas in the latter
case it is named BL LAC (this nomenclature is due to historical reasons). We remark that
the BLR gives rise to broad optical lines, which where detected when the first quasars were
discovered. Such a difference is very important for VHE astrophysics. In fact, in the BLR
there is a huge density of ultraviolet photons so that the very-high-energy (VHE) photons
(E > 30GeV) produced at the jet base undergo the process vy — ete™, thereby disappearing
from the spectrum. As a result, FSRQs should be invisible in the VHE band, as the optical

depth depicted in Fig. 2 eloquently shows.

T

Figure 2: Energy behaviour of the optical depth in the BLR according to conventional models.

However observations tell us that this is not true. For, at least 3 FSRQs have been detected
by the TACTSs in the energy range 100 GeV —1 TeV: PKS 12224216, 3C 279 and PKS 1510-089.
And their fluxes are similar to those of the BL LACs! So, what is going on?

Actually, the most striking case is that of PKS 12224216 which has been observed simul-
taneously by Fermi/LAT in the band 0.3 — 3 GeV and by MAGIC in the band 70 — 400 GeV.
In addition, MAGIC has detected a flux doubling in about 10 minutes, which implies that the
emitting region has size of about 10'4 cm, but the observed flux is similar to that of a BL LAC.
Thus, we have to face two problems at once!

Various astrophysical solutions have been proposed, but all of them are totally ad hoc, even
because one has to suppose that a blob with size 104 ¢cm at a distance of more than 1 pc from
the centre exists with the luminosity of a whole B LAC!
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2 Photon-ALP oscillations

Nowadays our understanding of particle physics is based on the Standard Model (SM), which
not only explains an enormous amount of data but has turned out to be fully correct with
the discovery of the Higgs boson. Yet, it cannot be regarded as the ultimate theory. Apart
from leaving the elementary particle masses and mixing angles as free parameters and ignoring
gravity, it fails to provide any explanation for cold non-baryonic dark matter needed e.g. to
explain cosmic structure formation, as well as for dark energy which presumably triggers the
present accelerated cosmic expansion. A generic prediction of many attempts towards the de-
velopment of a final theory — like supersymmetric models, Kaluza-Klein theories and especially
superstring theories — is the existence of very light pseudo-scalar bosons characterized by a
two-photon coupling, called azion-like particles (ALPs) due to their analogy with the axion.

As far as our analysis is concerned, the ALP Lagrangian has the form

1 1 1 20
ﬁOALp = iﬁﬂaaua— §m2a2 + MEBCL—F ﬁ [(]-32 _B2)2 +7(EB)2:| (1)

where a is the ALP field, the last term is the Heisenberg-Euler-Weisskopf effective Lagrangian
accounting for the photon one-loop vacuum polarization in the presence of an external magnetic
field (« is the fine-structure constant and m, is the electron mass), m is the ALP mass and M
is a constant with the dimension of an energy. We stress that the parameters m and M are
/2 ith
G;l/ ? ~ 250 GeV denoting the Fermi scale. The only robust available bound on M comes from
the CAST experiment and reads M > 10'° GeV.

In the presence of an external magnetic field, the two-photon coupling produces a mismatch
between the interaction eigenstates and the propagation eigenstates, thereby giving rise to the
phenomenon of photon-ALP oscillations.

assumed to be uncorrelated, and it is merely supposed that m < 1eV and M > G,

3 A natural ALP-based explanation

Our idea is remarkably simple. We assume that photons are produced by a standard emission
model like the SSC at the jet base as in BL LACs, but that ALPs exist. Then photons can
become mostly ALPs before reaching the BLR, in the jet magnetic field. As a result, ALPs can
go unimpeded through the BLR — because o(ay — ete™) ~ a/M? < 10750 cm? — and outside it
they can reconvert into photons in the outer magnetic field. Because of lack of space, we cannot
report the calculations which can be found in our original work [1], but we have found that the
best choice to reduce the photon absorption by the BLR is B = 0.2G, M = 7-10'°GeV and
m < 1072 eV. This choice leads to the results exhibited in Fig. 3.

However, this is not enough. For, we have supposed that photons are produced by a stan-
dard emission mechanism. Moreover, PKS 12224216 has been simultaneously observed by
Fermi/LAT and MAGIC. So, we should pretend that the detected photons have a standard
SED, namely that both data sets lie on the same inverse Compton peak. This requirement
is a priori not guaranteed, since in the presence of absorption and one-loop QED effects the
photon-ALP conversion probability is energy-dependent. Nevertheless, it turns out that a stan-
dard two-blob emission model with realistic values for the parameters yields the SED shown in
the right panel of Fig. 3. Hence, we see that the Fermi/LAT and MAGIC data indeed lie on
the same inverse Compton peak.
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Figure 3: Left panel: red triangles at high and VHE are the spectrum of PKS 12224216
recorded by Fermi/LAT and the one detected by MAGIC but EBL-deabsorbed according to
conventional physics. Central panel: red triangles are the same as before, while black squares
represent the same data once further corrected for the photon-ALP oscillation effect. Right
panel: red triangles and black squares are the same as before, whereas the solid black line is
the SED of our model (the other points and broken lines should be presently ignored).

Needless to say, our scenario naturally applies also to the other FSRQs detected at VHE.

It looks tantalizing that just the most favorable choice of the parameters mentioned above
corresponds to the most favorable case for a large-scale magnetic field of B = 0.7nG in the
DARMA scenario that enlarges the “y-ray horizon” and provides a natural solution to the
cosmic opacity problem (it requires m < 1.7 - 10719 eV which is consistent with the present
choice) [2]. Moreover, this kind of ALP is a good candidate for cold dark matter [3].

Obviously the CTA will provide a crucial test of our model, but it is remarkable that
a laboratory check will be performed with the planned upgrade of the photon regeneration
experiment ALPS at DESY and with the next generation of solar axion detectors like TAXO.
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The interaction of axion-like particles (ALPs) with two photons enable the oscillations
between photons and ALPs in an external magnetic field. This interaction modify the
energy spectrum of astrophysical sources under the form of an irregular behavior in a
limited energy range. This signature is searched in the high-energy spectra of active galactic
nuclei to put stringent constraints on the ALP coupling to photons.

1 Introduction and phenomenology

Axions are hypothetical new light bosons, theoretically introduced to solve the strong CP
problem [1]. Axions generically couple to two photons, with their coupling strength proportional
to their mass. More general light particles with the same coupling to photons but their mass
and coupling unrelated are also a prediction from some string theories [2] and are considered
as a possible constituent of dark matter. Such particles are called axion-like particles (ALPs).
Because of the coupling between photons and ALPs, a photon can oscillate into an ALP in an
external magnetic field and vice-versa, in a way similar to the neutrino flavor oscillation case.
The probability of conversion of a photon into an ALP in an homogeneous magnetic field of
strength B over a distance s is [3]:

1 1 . 2 GvaBs
Proe=s1rmp sy g VITE/E (1)

where g, is the coupling strength and E. = m? /2940 B is the energy threshold of the pho-
ton/ALP mixing and depends on the mass m of the ALP. For coupling strength close to the
current upper limit set by the CAST experiment, g,, =5 x 1071'GeV~! and a magnetic field
strength of 1 uG typical of galaxy clusters magnetic fields, the energy threshold is of the order
of 1 TeV for ALP masses close to 1 peV. In this study, the initial photon beam is assumed to
be unpolarized, so that the conversion probability cannot be lower than 0.5.

If the magnetic field is turbulent, as it is generally the case for astrophysical magnetic fields,
the conversion probability has a very complex energy behavior around the energy threshold [4].
The stochastic nature of the magnetic field translates to an irregular behavior on the conversion
probability that is not predictable and depends on the specific realization of the magnetic field.
An example of such modification is shown on Fig. 1 for the same ALP parameters than above
and a magnetic field strength of 1 ©G. The lower panel shows the same signal smeared by the
energy resolution of H.E.S.S., of the order of 12%.
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Figure 1: Typical modulation from an ALP signal with E. ~ 1 TeV. Top panel : raw function.
Bottom panel : Same function smeared with the energy resolution and bias of H.E.S.S.

2 Constraints from observations with H.E.S.S.

In order to identify possible anomalous deviations in the spectrum, a bright source with a large
statistics is required. The brightest extragalactic source observed by H.E.S.S. is the active
galactic nuclei PKS 2155-304. A strong flare has been observed in July 2006 where the flux
reached levels of 7 time the flux of the Crab Nebula. Because of the high luminosity of the
source during the flare the background is negligible.

A crucial point for the search of an ALP signal is a good knowledge of the magnetic field
involved in the photon-ALP mixing. In the case of PKS 2155-304 a galaxy cluster of radius
370 kpc is observed. Galaxy cluster are hosts of strong magnetic fields that can be probed by
Faraday rotation of the polarization axis in radio. Such measurements show that the magnetic
field strength is of order of 1-10 uG [5]. The turbulence power spectrum can also be estimated
with Faraday rotation [6]. Studies on the Hydra A cluster obtained a power spectrum compat-
ible with a Kolmogorov spectrum with a maximal turbulence scale of 10 kpc. The magnetic
field in the galaxy cluster of PKS 2155-304 cannot be probed via Faraday rotation since the
radio lobes are aligned on the line of sight. In the following a minimal value for the magnetic
field strength of 1 pG is assumed. The turbulence power spectrum is assumed to follow a
Kolmogorov spectrum with a coherence length of 10 kpc. Constraints will be derived with this
conservative description of the magnetic field. For the intergalactic magnetic field (IGMF), no
measurements have been possible so far. The current upper limit is of 1 nG for coherence scales
of order 1 Mpc. Optimistic constraints with this description of the IGMF are also derived.
They are independent from the constraints derived with the cluster magnetic field because of
the different values of the magnetic field strength.

The spectrum measured by H.E.S.S. during the flare, shown on the Fig. 2 of [7], does not
show any evidence of an irregular behavior. Constraints on the ALP coupling are derived on a
statistical basis where MC simulations of the spectrum with an ALP signal are produced. To
estimate the minimal sensitivity to irregularities, an irregularity estimator is built that measure
the fluctuations from bins to bins assuming that the intrinsic spectrum locally follows a power
law shape on scales of three bins. The constraints derived with this method are shown on Fig. 2
for conversion in the galaxy cluster magnetic field and in the IGMF. The range of mass probed
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by the different conversion domains is determined by the magnetic field strength so that the
energy threshold of the mixing lies in the energy range of H.E.S.S.

10—
C I
I
_ - 000
'> -
[0
(5 —
B L
o | H.E.S.S. exclusions at 95 % C.L.:
Intergalactic Magnetic Field (optimistic)
Galaxy Cluster magnetic field (conservative)
T~ —— — CASTIimit -
B 1 1 1 1 11 11 I 1 1 1 1 11 11 I 1 1 1 1 11 11 I 1 1 ]
10 1 10 107
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Figure 2: H.E.S.S. exclusion limits on the ALP parameters g, and m. The blue dashed region
on the left is obtained considering v-ALP mixing in the IGMF with in an optimistic scenario
with a 1 nG strength. The green dashed region on the right is obtained considering ~-ALP
mixing in the galaxy cluster of PSK 2155-304.

3 Constraints from X-ray observations

If the photon/ALP oscillations occur in an astrophysical plasma, the energy threshold of the
mixing is modified: E. = |m2 — m?|/2g,,B by taking into account the effective mass of the
photon in the plasma, mff = 4mwan./m.. Typically, the electron density of the plasma n. in
a galaxy cluster is of order of 0.01 cm™3. The corresponding effective mass of the photon is
m., ~ 10712 eV. In the case of the H.E.S.S. analysis, the range of mass probed is orders of
magnitudes higher so that the effect of the plasma is negligible. For m < m., the energy
threshold is independent of m and is around a few keV for electron density typical of galaxy
clusters. Observations in X-rays are therefore sensitive to irregularities caused by the energy
threshold set by the effective mass of the photons propagating in the galaxy cluster plasma.

A good candidate source for this analysis is a bright point-like source embedded in a galaxy
cluster. In order to minimize uncertainties from the lack of knowledge on the magnetic field,
the magnetic field in the galaxy cluster should be measured. The magnetic field of the Hydra A
galaxy cluster has been extensively measured by Faraday rotation and a good knowledge of the
electron density profile and turbulence power spectrum is available. A Fanaroff-Riley I radio
galaxy lies at the center of the cluster and has been observed by Chandra with a low angular
resolution enabling the collection of a large statistics on the source. A conservative description
for the magnetic field of the galaxy cluster is assumed, following the results of [6] for a jet
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viewing angle of 30°. In this model, the magnetic field strength at the centre of the cluster is
21 G and the electron density is 0.056 cm 3.

The spectrum of the central source observed by Chandra is reconstructed with observations
in 1999 and 2003. Because of an important absorption system in Hydra A, the central source
is only visible above 1 keV. The spectrum, shown on Fig. 1 of [8] is well fitted by a power-
law moduled by the absorption system and does not show any anomalous irregularities. The
exclusion is obtained by fitting simulated ALP signal on the spectrum. When the coupling
strength is high enough, the spectrum with ALP signal significantly (95% C.L.) deteriorate the
fit whatever the realization of the magnetic field is. The 95% C.L. exclusion is shown on Fig. 3. It
extends to arbitrary small ALP masses because the energy threshold is in this case independent
of the mass. When ALP masses higher than the effective photon mass are considered, the
energy threshold is shifted towards higher energies and the sensitivity decreases. For ALP
masses equal to the effective photon mass, the conversion is resonant and energy independent
so that the sensitivity decreases.

2
<
3 1 N
T L N
£ L |
| Hydra A |
05} |
[ ]sn1987Aburst
1 1 ‘
1 10

m, [10%%eV]

Figure 3: Exclusion limits on the ALP parameters g,, and m from Chandra observations of
the Hydra galaxy cluster.

References
(1] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38 (1977) 1440.
[2] A. Ringwald, Phys. Dark Univ. 1 (2012) 116 [arXiv:1210.5081 [hep-ph]].
[3] K. A. Hochmuth and G. Sigl, Phys. Rev. D 76 (2007) 123011 [arXiv:0708.1144 [astro-ph]].
[4] D. Wouters and P. Brun, Phys. Rev. D 86 (2012) 043005 [arXiv:1205.6428 [astro-ph.HE]].
[5] C. L. Carilli and G. B. Taylor, Ann. Rev. Astron. Astrophys. 40 (2002) 319 [astro-ph/0110655].
6] C. Vogt and T. A. Ensslin, Astron. Astrophys. 434 (2005) 67 [astro-ph/0501211].
[7] D. Wouters et al. [ HESS Collaboration], arXiv:1304.0700 [astro-ph.HE].
[8] D. Wouters and P. Brun, Astrophys. J. 772 (2013) 44 [arXiv:1304.0989 [astro-ph.HE]].

96 Patras 2013



Chapter 4

Searches for Solar WISPs

Patras 2013

97






Point-contact detectors in searches for bremsstrahlung
production of axions from the Sun.
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The low-energy portion of the published spectrum of the COGENT experiment has been
reanalyzed to search for evidence of low-energy bremsstrahlung-generated solar axions. In
the case of the DFSZ model, an upper bound of gge < 3.0 x 107 (90% C.L.) is placed on
the direct coupling of axions to electrons.

1 Introduction

The strong-CP problem has been with us for many years. The strong force described by QCD
has a CP-violating term in the Lagrangian, the strength of which is fixed by a parameter
6. This parameter must be less than 107'° for QCD to be consistent with the experimental
bound,|d,| < 2.9 x 10726 e-cm for the electric dipole moment of the neutron[1]. The fact
that the strong-interaction parameter, , must have such a small value is indeed unnatural. To
address this problem, Roberto Peccei and Helen Quinn postulated a new global symmetry that is
spontaneously broken at a high-energy scale[2]. This mechanism produces a term that cancels
the problematic one. The properties of the Goldstone boson (the axion) resulting from this
symmetry breaking were discussed in the context of the standard model in 1978 in independent
articles by Weinberg[3] and by Wilczek[4].

The standard-model axion was ruled out by early experiments. However, to explain the
lack of experimental observation, a model for the “invisible hadronic axion” was introduced by
Kim[5], and also by Shifman, Vainstein and Zakharov[6], the KSVZ model. In this model, the
axion couples directly to hadrons and photons but does not couple to electrons at the tree level.
In the KSVZ model the axion and electron couple radiatively at the one-loop level.

Another model for an “invisible azion” was introduced by Zhitnitskii[7], and independently
by Dine, Fischler and Srednicki[8], the DFSZ model. In this model the axion couples to hadrons
and photons, and also to electrons at the tree level. In this paper we present a reanalysis of a
previously published spectrum from the COGENT experiment[9] in order to place bounds on
the coupling of DFSZ axions to electrons. We assume that the axions in question are produced
by a bremsstrahlung-like process in the Sun and are detected with the axioelectric effect in the
point-contact COGENT germanium detector. In this way the predicted rate depends only on
the coupling of axions and electrons since both production and detection depend on the same
coupling. The COGENT experiment was a search for cold dark matter with a well-shielded,
ultra-low-background, point-contact germanium detector operated in an underground facility.
All details can be found in reference[9] and references therein, and will not be discussed here.
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2 Axion Phenomenology

The mass of the axion, m,, (in eV) is connected to the Peccei-Quinn symmetry breaking scale,
fa, in both the DFSZ and KSVZ models by

10%(Gev)

fa(GeV) @

~ 6.0(eV)

Mg

fﬂ' - 1/2
B ]:n ((1+z+ju)(1+z))

where, fr = 93MeV is the pion decay constant,z = m,/mg ~ 0.56 is the ratio of the masses of
up and down quarks, and w = m, /ms ~ 0.029 is the ratio of up and strange quark masses.

In this analysis we choose to use the form for the axion flux produced by a bremsstrahlung-
like process in the Sun derived in a recent paper by Derbin et al.[10]. This expression differs
somewhat from that derived by Kekez et al.[11]. The differential flux is

% =4.14 x 1035gieEg‘896_0'7Ea_1'26‘/'27“cm_gs_lkeV71 (2)
where ¢, is the dimensionless coupling constant of axions to electrons, and F, is the axion
energy in keV. The cross section for the axioelectric absorption of very light, relativistic ax-
ions on electrons is also driven by g,.. This expression was rederived by Pospelov, Ritz and
Voloshin[12], and is a factor of two larger than the originally published expression[13, 14]. It
can be conveniently expressed in terms of the photoelectric cross section,o,., as follows:

w2

Gae = 27r0?f2 Tve ®)

In the DFSZ model, the axion-electron coupling constant, gge, is related to the axion mass, m,
by (8] .
e .2
= ——cos 4
Gae = 35 B (4)
where cos (3 is the ratio of Higgs expectation values|[8], and it is customary to set cos? 3 = 1[10].
Combining equations (1) and (4) the relation between gq. and f, can be expressed 1/f, =

5.87 x 103g4cMeV 1. Equation (3) becomes
Oae = T.72 x 107 %2 E20pe (5)

Integrating the product of the axion flux, (2), with the cross section (5) over an energy interval
between 0.45 keV < E, < 1.0 keV gives the rate

1.0 d(b
/ ———04edE, = 2.505 x 10~ ?axions/sec (6)
0.45 AEq

3 Data Analysis

We consider the low-energy portion of the COGENT spectrum published by Hooper et al.[9].
This spectrum was collected over 56 days with a point-contact, high-purity germanium detector
with a fiducial mass of 0.33 kg. The energy range of the present analysis is from 0.45keV <
E, < 1.0keV. A fit to the data including the x-ray peaks up to 3 keV is shown in Figure
(3) of reference [9] and justifies the subtraction of 2 background counts from each 0.05 keV
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Figure 1: The experimental data with a constant 2 counts per 0.05 keV subtracted across the
energy range 0.45 keV to 1.0 keV. This is justified from the fit to the data above the x-ray
peaks shown in Figure 3 of ref. [9]. The red curve is a plot of the theoretical prediction for
Jae = 2 x 10711,

bin. The portion of interest of the corrected spectrum is shown in Figure 1. The number of
Ge atoms in the fiducial mass is N = 2.74 x 10?4 and t = 56 days = 4.84 x 10%s which gives
Nt =1.33 x 103! atom-s.

If we arbitrarily choose g,. = 10710 and calculate the predicted axio-electric absorption rate
of solar axions in the COGENT detector, we find R = 7.95 x 10%® /atom-s.

The total number of predicted events in this scenario is 10595. There were only 85 candi-
date events in the experimental data, or less than 100 events with 90% C.L. If we make the
conservative assumption that all the events in the energy interval 0.45keV < F, < 1.0keV are
caused by axions we can place an upper limit

Gae < 3.0 x 1071 90% C.L. (7)

This is similar the limit gge < 5.4 x 107! 90% C.L. obtained by the XMASS Collaboration
with their 835-kg xenon detector running for 6 days[16]. It should also be pointed out that the
data used in the present analysis are vastly lower in background at 0.5-keV than the data of
XMASS[16], or from the that of reference[l11]. The present 95% C.L. bound is similar to the
95% solar bound of Gondolo and Raffelt[17].

In the present case, the experimental spectrum and the predicted bremsstrahlung-like solar-
axion spectrum are very similar. Therefore, it is appropriate to assume that all the counts in
the spectrum above the flat 2 counts/0.05 keV from fitting the background at higher energy
could be candidate events. For this reason, in searches for the continuous solar-axion spectra,
it is most important to have the lowest background possible.

For experiments of this type to have discovery potential, it would be ideal to use the model-
independent annual modulation in the sun-earth distance. The solar- axion flux is proportional
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to 1/r2, which is 6.68% larger in January than in July. The analysis of the data from the
MAJORANA Broad-Energy Detector at Kimallton, MALBEK, is being analyzed in this way
by the MAJORANA Collaboration.[19]
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The search for resonant absorption of Compton and bremsstrahlung solar axions by °Tm
nuclei have been performed. Such an absorption should lead to the excitation of low-lying
nuclear energy level: A+'%°Tm —'%Tm* —9Tm +v (8.41 keV). Additionally the axio-
electric effect in silicon atoms is sought. The axions are detected using a Si(Li) detectors
placed in a low-background setup. As a result, a new model independent restrictions on
the axion-electron and the axion-nucleon coupling: gae X |g2;N + giN\ < 2.1 x 107 and
the axion-electron coupling constant: |gac| < 2.2 x 107'° has been obtained. The limits
leads to the bounds m4 < 7.9 eV and ma < 1.3 keV for the mass of the axion in the DFSZ
and KSVZ models, respectively (90% C.L.).

1 The axions spectra and the rate of axions resonant ab-
sorbtion by *Tm nucleus

If the axions or other axion-like pseudoscalar particles couple with electrons then they are emit-
ted from Sun by the Compton process and by bremsstrahlung [1]-[6]. The expected spectrum
of axions was calculated using theoretical predictions for the Compton cross section given in
[7, 8] and the axion bremsstrahlung due to electron-nucleus collisions given in [9]. The axion
flux is determined for radial distribution of the temperature, density of electrons and nuclei
given by BS05(OP) Standard Solar Model [10] based on high-Z abundances [11]. The results
of our calculations presented in Fig.1 [12].

As a pseudoscalar particle, the axion should be subject to resonant absorption and emission
in the nuclear transitions of a magnetic type. In our experiment we have chosen the '%*Tm
nucleus as a target. The energy of the first nuclear level (3/27) is equal to 8.41 keV, the
total axion flux at this energy is g4, x 1.34 x 10%3cm~2s 'keV~'. The 8.41 keV nuclear level
discharges through M1-type transition with E2-transition admixture value of §2=0.11% and
the relative probability of y-ray emission is n = 3.79 x 1072 [13].

The cross-section for the resonant absorption of the axions with energy F 4 is given by the
expression that is similar to the one for y-ray resonant absorption, but the ratio of the nuclear
transition probability with the emission of an axion (w4) to the probability of magnetic type
transition (w.) has to be taken into account [12]. The w4 /wy ratio calculated in the long-wave
approximation, depends on isoscalar ¢% 5, and isovector g3  coupling constants and parameters
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depending on the particular nuclear matrix elements [14, 15, 16].
As a result the rate of axion absorption by 'Tm nucleus dependent only on the coupling
constants is (the model-independent view) [12]:

Ra =155 x 10°g%.(gan + 9an)*(pa/py)? s (1)

Using the relations between ¢9 v, ¢5 5 and axion mass given by KSVZ model, the absorption
rate can be presented as a function of g4. and axion mass ma (m4 in eV units):

Ra =5.79 x 107 g% m% (pa/py)®, s~ (2)

T T T
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Figure 1: 1,2 - the spectra of the axions produced by the Compton process and the
bremsstrahlung, correspondingly (g4 = 107!, ms = 0) [12]. 3 - spectrum of the axions
produced by Primakoff effect (ga, = IO*IOGe\/*l). The level scheme of '%*Tm nucleus is
shown in the inset [12].

2 Spectra of massive solar axions and a cross section for
the axioelectric effect

If the mass of the axion is several keV, the expected solar axion spectra changes significantly
and depends on the particular m 4 value [19]. To calculate spectra we used the procedure similar
described above. The spectra of solar axions were determined for different values of m 4 [19].

An axion interacting with an electron should undergo axio-electric absorption, which is
an analog of the photoelectric effect. Silicon atoms entering into the composition of a Si(Li)
detector were used in our experiment as targets for the axio-electric effect. The cross section of
the axioelectric absorption was calculated by the formula

2 3E?
Tans(Ba) = ope(Ba) 5 120 (1 - §) ¥
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where o, is the cross section for the photoelectric effect and § = v/c = pa/E4 is the velocity
of the axion. At 8 — 1 and 8 — 0, this formula coincides with the cross sections for relativistic
and nonrelativistic axions obtained in [17, 18] and provides an extrapolation approximately
linear in B, which ensures a sufficient accuracy for the case under consideration.

200
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T T

4 8 12 16
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Figure 2: Spectrum of the signals of the Si(Li) detector in the range of (1-16) keV with the
optimal fit for m4 = 5 keV. The energies of the Gaussian peaks are given near them. The
expected spectrum is shown for the case of the detection of axions with m4 = 5 keV and
JAe = 5 X 10710.

The expected signal from 5 keV axions undergouing axioelctric effect in Si-detector is shown
in Fig.2.

3 Experimental setups

To search for quanta with an energy of 8.41keV due to axion resonant absorption, the planar
Si(Li) detector with a sensitive area diameter of 66 mm and a thickness of 5 mm was used.
The detector was mounted on 5 cm thick copper plate that protected the detector from the
external radioactivity. The detector and the holder were placed in a vacuum cryostat and
cooled to liquid nitrogen temperatures. A TmyO3 target of 2 g mass was uniformly deposited
on a plexiglas substrate 70 mm in diameter at a distance of 1.5 mm from the detector surface.
External passive shielding composed of copper, iron and lead layers was adjusted to the cryostat
and eliminated external radioactivity background by a factor of about 500.

To search for axioelectric effect we used a Si(Li) detector with a sensitive-region diameter of
17 mm and a thickness of 2.5 mm. The detector was placed in a vacuum cryostat with the input
beryllium window 20 pm thick. The window was used for energy calibration and determination
of the detection efficiency of gamma-ray photons in order to find the sensitive volume of the
detector. The detector was surrounded by 12.5 cm of copper and 2.5 cm of lead, which reduced
the background of the detector at an energy of 14 keV by a factor of 110 as compared to the
unshielded detector.
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The experimental setups were located on the ground surface. Events produced by cosmic
rays and fast neutrons were registered by an active shielding consisting of five plastic scintillators
50 x 50 x 12 cm in size. The rate of 50 us veto signals was 600 counts/s, that lead to = 3%
dead time. More details of experiments one can find in [12, 19].

4 Results

The upper limit on axions absorption rate by ®*Tm nucleus Ry < 5.43 x 1072357 ! set by
our experiment limits the possible values of coupling constants ga., gany and axion mass m 4.
According to (1) and (2) and taking into account the approximate equality of the axion and
y-quantum momenta (pa/p,) ~ 1 for ma < 2 keV we obtain (at 90% c.1.):

gae X [(gan + o) <21 x 1071 (4)

gae xma <3.1x1077 eV (5)

The restriction (4) is a model independent one on axion (or any other pseudoscalar particle)
couplings with electron and nucleons. The result (5) presented as a restriction on the range
of possible values of ga. and m 4 (KSVZ relations between g4y and my are used) allows one
to compare our result (Fig.3, line 9) with results of other experiments restricting g4. (Fig.3).
The limits on ga. X m4 for DFSZ axion lie in the range (0.33 — 1.32) of the restriction. As we
mention in [20, 12] the sensitivity of experiment with 1°Tm can be increased significantly (in
~ 105 times) by introducing the Tm target inside the sensitive volume of detector having high
energy resolution, at present, cryogenic detector have the best option.

1 - present

Figure 3: Bounds for the axion-electron coupling constant: (1) Si-axioelectrical effect [19],
(2) reactor experiments and solar axions with energies of 0.478 and 5.5 MeV,(3) beam dump
experiments, (4) decay of orthopositronium, (5) CoGeNT, (6) CDMS, (7) bound for the axion
luminosity of the Sun, (8) red giants and (9) experiment with ®*Tm. The regions of excluded
values lie above the corresponding lines. The inclined lines show the g4, values in the DFSZ
and KSVZ (E/N = 8/3) models.
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When looking for the axioelectric effect the measured spectrum is fitted by the sum of an
exponential function, describing the smooth background and the response function for axions
S(E7 mA):

N(E) = a+ bexp(cE) + g4.S(E,m)Ng;T (6)

Here, Ng; is the number of silicon atoms in the sensitive volume of the detector and T =
6.61 x 10° is the live time of measurement. The upper bound for |ga.| at m =0 is

|ge] < 2.2 x 10710 (7)

at 90% C.L. Limit (7) is a model independent bound for the coupling constant of the axion or
any other pseudoscalar relativistic particle with the electron.

For nonrelativistic axions the fitting range was expanded to 16 keV. To describe the exper-
imental spectrum in a wide range, function 6 was supplemented by a linear term for describing
the continuous background and six Gaussians for describing the peaks of the characteristic Np
X rays manifested in the measurements [20, 21]. The fit results and S(E,m4) for ma = 5 keV
are shown in Fig.2.

The maximum deviation of g%, from zero for all tested (from 1 to 10 keV with a step of 1
keV) my4 values is 2.50. The upper bounds obtained for |ga.| at various m4 values are shown
in Fig.3 (line 1) in comparison with the other experimental results.
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We searched for solar hidden photons in the visible photon energy range using a hidden
photon detector add-on attached to Sumico. It consists of a parabolic mirror of ¢0.5m
and f = 1m installed in a vacuum chamber, and a low noise photomultiplier tube at
the focal point. No evidence for the existence of hidden photons was found in the latest
measurement giving a new limit on the photon-hidden photon mixing parameter in the
hidden photon mass range 0.001-1eV.

1 Introduction

The sun can be a powerful source of weakly interacting light particles, such as the axions [1, 2].
The Tokyo axion helioscope, aka. Sumico [3, 4, 5, 6], was built aiming at the direct detection
of the solar axions in the mass range up to a few eV. It is equipped with a dedicated cryogen-
free superconducting magnet which can produce a transverse magnetic field of 4 T over 2.3 m,
a container to hold cold *He gas, a PIN-photodiode-array X-ray detector, and a telescope
mount mechanism to track the sun. The transverse magnetic field is essential in the axion
helioscope, where the solar axions oscillate into X-ray photons. In the past measurements, the
axion mass ranges 0-0.27eV and 0.84-1eV have been scanned. We were striving to push up
the sensitive mass range to higher masses. Unfortunately, however, axion search activity is
currently suspended due to a trouble in the cryogenic system which is preventing the magnet
from exciting. Meanwhile, we searched for solar hidden photons using Sumico.

The hidden photon is the gauge boson of a hypothetical hidden local U(1) symmetry. Many
extensions of the standard model, in particular those based on string theory, predict such
symmetries [7]. The hidden photon can couple to the ordinary photons via a so-called kinetic
mizing, and it can be massive as described by the following Lagrangian [8, 9, 10],

1 1 :
L= = Fu P = BB = X B + B, B,

where F),, and By, represent the ordinary- and hidden- photon field strengths, respectively, x
is the kinetic mixing parameter, and m. is the hidden photon mass. When the hidden photon
has a small mass, it leads to photon—hidden-photon vacuum oscillations. In vacuum, hidden
photon to photon transition probability for photons of energy w after traveling ¢ is given by:

m2,¢
Py, = 4x*sin® ( 4Zd
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assuming m. < w. Since the refractive index for visible light in the matter is normally larger
than 1, the matter in the conversion path always affects the transition probability negatively.

The emission of hidden photons from the sun was discussed by J. Redondo [11]. The
transverse hidden photon flux at the earth is given by:

dor /R® rPdr W T x*m3,
do  Jo (1AU)? 72 ew/T —1 (m2 —m2,)? + (wI)?’

where R is the solar radius, 1" is the temperature, I' is the damping rate of photons, and m.
is the effective photon mass in plasma. For m., < 1eV, one can use the following conservative
estimate for the bulk component of the hidden photon flux [11]:

d®r o (My\* a2 1
T 2 X (W) 10 VemZs for w=1-5eV.
Recently, a refined estimation including the contribution from a thin resonant region below the
photosphere is given [12, 13] for four typical cases m., = 0,0.01,0.1 and 1eV. They claim that
the resonant production dominates over the emission from the rest of the sun.

In more recent studies [14, 15], the estimated emission rate of longitudinal hidden photons
was revised and it turned out that the resonant longitudinal-mode production is dominating the
total solar hidden photon emission in the low mass case m.» < 1eV. This result has nothing to
do with the analysis of our experiment since longitudinal hidden photons do not oscillate into
photons in vacuum. However, it has a strong impact on the hidden photon searches by providing
stringent constraints on the hidden photon parameters along with their another work [16] in
which they re-analyzed the published data of the XENON10 dark matter experiment.

Various constraints on the hidden photon parameters are summarized in Ref. [17].

In this paper, we report on a direct experimental search for the flux of solar hidden photons.

. Vacuum chamber
2 Experimental apparatus Parabolic mirror
PMT
!
Our solar hidden photon detector was built = - 1 7@1
as an add-on unit mounted on Sumico, the ] -Hidden photon -} A

from —28° to 28° in altitudinal direction and _ o
360° in azimuth. The overall tracking accu-
racy is better than 0.5mrad in both direc- Sumico(Axion helioscope)
tions, which is negligibly small for this mea- %
surement. ; !

The solar hidden photon detector consists
of a vacuum chamber, a parabolic mirror and Figure 1: The schematic view of Sumico and
a photomultiplier tube (PMT). The vacuum the solar hidden photon detector.
chamber holds the conversion region in vac-
uum to keep the hidden photon to photon conversion probability high enough. It is a cylinder
made of 1.5-mm thick stainless steel plates with wrinkles on its side for the mechanical rein-
forcement. The inner diameter of the vacuum chamber is 567mm and its length is 1200mm.
The parabolic mirror was used to collect the conversion photons to the PMT. It is made of alu-
minium deposited soda glass. Its diameter is 500 mm, the focal length is 1007 mm and the focal

Tokyo axion helioscope, as shown in Fig. 1. o o
Sumico can track the sun with a driving range = o
j o
1 -
i
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spot diameter is 1.5mm. The reflectance measured by the manufacturer is higher than 80%
over the wavelength range 300-650 nm. The mirror and its supporting structure is constructed
inside the vacuum chamber.

A low noise head-on type 25-mm diameter photon counting PMT, Hamamatsu Photonics
R3550P, was used as the photon detector at the focal point. It is sensitive to photons of wave-
length range 300-650 nm with a peak quantum efficiency of 17%. It is set at the atmospheric
pressure side and is viewing the reflected photons through a quartz glass window. Single- and
multi photon events detected by the PMT make current pulses which enter a charge-sensitive
preamplifier (ORTEC 113) and a shaping amplifier (ORTEC 572). The signal is then digitized
by an ADC (Laboratory Equipment Corp. 2201A) and pulse height spectra are taken by a
multichannel analyser (MCA).

The temperatures of the PMT and the vacuum chamber are measured by Pt100 thermome-
ters. The inner pressure of the vacuum chamber is measured by a vacuum gauge (Balzers
PKR250). During the solar tracking- and background measurements, the inner pressure of
the vacuum chamber was lower than (5 £ 2) x 1073 Pa. The effect of this residual gas on the
conversion probability is negligible.

3 Measurement and analysis

If a hidden photon is converted into a photon in the vacuum chamber, it would be detected
by the PMT as a single photon event. Before starting the measurement, the shape of a single
photon spectrum in the MCA was measured by illuminating the PMT with a blue LED with
sufficiently low current pulses. It was fitted by a Gaussian function which was later used as the
template for the single photon analysis.

Measurements were done from October 26, 2010 till November 16, 2010. The solar tracking
measurements were done around the time of sunrise and sunset with tracking time of about 5
hours each. Background was measured while the detector was directed away from the sun.

To find out the possible evidence of solar hidden photons, the background spectrum was
subtracted from the solar tracking spectrum. We must eliminate some systematic effects which
have nothing to do with the solar hidden photons. It is well known that the dark count rate
gets lower as time passes after an operating voltage is applied. We, therefore, waited for four

(a) (b)

2000

T T T T
26 +0.05[deg. C], solor tracking, live time 10000s —+— 85% CL upper limit ------- T
0.006 o &5 Upp

1500 0.004

0.002

1000

counts/channel
counts/sec/channel

500 -0.002

e -0.004

0 50 100 150 200 0 50 100 150 200
channel channel

Figure 2: (a) An example of a pulse height spectrum (PMT temperature 26.0 + 0.05°C, solar
tracking data). (b) Total residual spectrum and the 95% confidence level upper limit.
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Figure 3: 95% Confidence level upper limits to the mixing parameter y set by this exper-
iment. Present result (a) is obtained based on the the newer solar hidden photon flux cal-
culation [12, 13] and (b) on the older conservative estimation [11]. Excluded area by other
experiments are; Coulomb: tests of Coulomb’s law [18, 19], LSW: Light Shining through Walls
experiments [20, 21, 22, 23], CAST keV: the CAST experiment [11], FIRAS: FIRAS CMB
spectrum [24], Sun-L: the solar luminosity constraints in the longitudinal channel [14, 15], and
XENONI10: interpretation of the XENONI10 result in view of the longitudinal solar hidden
photons [16].

days until the time dependence on the dark count rate became negligible.

To avoid the systematic effect from a temperature dependence of the dark count rate, we
subtracted background isothermally. First, we grouped the solar tracking- and background-
spectra each with 100s of live time into 21 temperature bins of 0.1°C interval whose central
values ranging 25.9-27.9°C. Then, we apply the background subtraction within every temper-
ature bin and obtained 21 residual spectra. Finally, the total residual spectrum was obtained
by combining them.

In the above procedure, we used only the data during the holidays when the air conditioning
system was switched off, because we observed abrupt room temperature changes on weekdays
due to automatic switching of the air conditioning system of the building.

Figure 2 (a) shows the pulse height spectrum from solar tracking data in the temperature
bin 26.0 + 0.05°C, as an example. Figure 2 (b) shows the total residual spectrum. It is worth
noting that the peak from single photon events is already evident in the background spectrum
and it vanished away after the background subtraction.

We then estimated how many single photons could there be in the total residual spectrum
by fitting the magnitude of the Gaussian template function to it. The best fit was obtained
with

Nie = (—7.9 4+ 6.5(stat.) £ 3.4(sys.)) x 1073[s71].

The systematic errors considered include an effect of Cherenkov light emitted in the quartz
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glass vacuum window and the PMT window by cosmic muons, the finite bin width of the PMT
temperatures, and the residual drift of the dark count rate after four days.

As we observed no excess of the single photon events, the 95% confidence level upper limit
to the hidden photon counting rate was estimated taking the statistical and systematic errors
into account:

Nyrgs = 1.02 x 1072571,

The upper limit Nyrgs is now compared with the count rate expected by the hidden photon
model with given parameters. The 95% confidence level upper limit to the mixing parameter
X as a function of the hidden photon mass m. is calculated as shown in Fig. 3. For the
solar hidden photon flux %, two cases were assumed. Omne is based on the conservative
estimation [11] which is indicated by ‘present result (b)’ in Fig. 3. The other is based on the
newer estimation [12, 13] including the contribution from a thin resonant region below the

photosphere, which is indicated by (a). Limits set by other experiments are also shown.

4 Conclusion and prospects

We have searched for solar hidden photons in the visible photon energy range using a dedicated
detector for the first time. The detector was attached to the Tokyo axion helioscope, Sumico
which has a mechanism to track the sun. No evidence of the existence of hidden photons is
observed in the measurement and we set a limit on photon—hidden-photon mixing parameter
x depending on the hidden photon mass m,.. The present result improved the existing limits
given by the LSW experiments and the CAST experiment in the hidden photon mass region
between 1072 and 1eV. With recent new calculations of the longitudinal-mode hidden photon,
more stringent limits came out by the solar luminosity consideration and also by the re-analysis
of the XENON10 data. This result is already published in Ref. [25].

If solar tracking- and background measurements could be switched in less than 10 minutes,
the effect of the dark-count-rate drift including that caused by the temperature changes would
become negligible. This can be achieved by slightly switching the helioscope axis as much as
2 degrees while Sumico is tracking the sun. A test has demonstrated that Sumico can switch
between the on-axis solar tracking and off-axis tracking within 20 seconds with enough direction
accuracy. Use of a parabolic mirror of larger area and a photodetector with lower noise and
higher quantum efficiency will also improve the sensitivity. However, such upgrades would not
improve the sensitivity in terms of x by orders of magnitude.
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International Axion Observatory (IAXO) is a new generation axion helioscope aiming to
search for axions and axion-like particles with a sensitivity to the axion-photon coupling
that is 1 to 1.5 orders of magnitude beyond the one achieved by currently the most sensitive
axion helioscope, CAST. TAXO relies on large improvements in magnetic field volume, X-
ray focusing optics and detector backgrounds with respect to CAST. Additional TAXO
searches would include electron-coupled axions, relic axions, and other more generic axion-
like particles.

1 Introduction

Axions are neutral pseudoscalar particles that may solve the strong CP problem. They arise as
pseudo-Nambu-Goldstone bosons of the U(1) Peccei-Quinn symmetry [1] which is spontaneously
broken at a large energy scale. The spontaneous breaking of other global symmetries is predicted
in many extensions of the standard model (including string theory) and can give rise to light
axion-like scalar or pseudoscalar particles, called ALPs. Axions and ALPs are candidates for
the dark matter (DM) of the universe and can explain a variety of astrophysical observations.

Most of the axion experimental searches are based on the axion interaction with two photons.
As a consequence of this interaction, axions could transform into photons and vice versa in
external electric and magnetic fields. A promising experimental approach is based on the axion
helioscope technique [2] where a dipole magnet is oriented towards the Sun. Axions could be
produced in the solar plasma by converting thermal photons in the Coulomb fields of nuclei and
electrons - the Primakoff process, and back-converted into photons in a laboratory transverse
magnetic field.

Currently the most sensitive heliscope experiment CAST [3, 4, 5, 6] has been taking data
since 2003. No signal over background has been observed so far and CAST set the best exper-
imental limit on the axion-photon coupling constant g, over a broad range of axion masses.
TAXO (International AXion Observatory) is a new generation axion helioscope [7], currently at
the level of the Conceptual Design. TAXO relies on known technologies, there is no need for
development. It will also benefit from the expertise and knowledge gained from the successful
operation of CAST.
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2 Experimental setup

TAXO concept relies on a dedicated magnet capable to track the Sun for about 12 hours each
day, focusing X-ray optics to minimize detector area, and low background X-ray detectors
optimized for operation in 0.5 — 10 keV energy range.

The magnet, inspired by the toroidal ATLAS-like magnet geometry, is being designed at
CERN [8]. The new toroid will have eight, 60 cm diameter and 21 m long, magnet bores at
room temperature. It is designed to realize a peak magnetic field of 5.4 T. The magnet system
will be decoupled from the optical system, which greatly simplifies the system integration. The
magnet, design opens the way for the sensitivity improvement, with respect to CAST, mainly
through a large cross-sectional area.

Each of the eight magnet bores will be equipped with X-ray optics. CAST has successfully
used optics, but only for one magnet bore of area ~ 15 cm?. TAXO relies on focusing from
much larger bore areas of ~ m? down to spot of ~ 0.2 cm?. The challenge is the availability of
cost-effective X-ray optics of the required size. For IAXO, the baseline fabrication approach is
segmented, slumped glass optics. This technology has been successfully used, most recently for
the NuSTAR satellite mission.

The baseline technology for the low background detectors are small gaseous detectors with
a pixelated Micromegas readout, manufactured with the microbulk technique. This kind of
detector has already been used in CAST. The latest generation of Micromegas detecors in
CAST are acheiving background levels of around 1076 counts keV ™! cm~2 s71, a factor of
more than 100 better than the levels at the beginning of CAST data taking. The goal for
IAXO is to reduce the background level down to 10~7 counts keV ™" em~2 s~! or even lower.

3 Expected sensitivity

The primary physics goal of IAXO will be to search for axions and ALPs produced in the solar
core via the Primakoff conversion of the solar plasma photons. The goal is to achieve 5 orders
of magnitude better sensitivity than CAST, which translates into a factor of about 20 in terms
of the axion-photon coupling constant g,,. That is, TAXO will reach the few x107'? GeV ™!
level for a wide range of axion masses up to about 0.25 eV. Since IAXO will cover a big part
of the unexplored parameter space, it has potential for the discovery of axions and ALPs. At
high masses, the experiment would explore a range of realistic axion models related to the
Peccei-Quinn solution to the strong CP problem. At low masses (below 10~7 eV), IAXO would
test the hypothesis in which ALPs explain the transparency of the universe to very high energy
photons [9]. Most of the region at reach by IAXO contains possible DM candidates. Figure 1
shows the expected IAXO sensitivity on gq as a function of the axion mass.

Another important physics goal for IAXO will be to search for solar axions produced in the
processes based on the axion-electron coupling g,.. An astrophysical observation shows that
axions with gqe of few x10~! could solve the anomalous cooling observed in white dwarfs [11].
TAXO is the first axion helioscope with sufficient sensitivity to g,. to test this hypothesis.

Additional physics cases include searches for other proposed particles at the low energy
frontier, like hidden photons or chameleons [12]. Also, the IAXO magnet has been designed
to easily accomodate new equipment (e.g., microwave cavities or antennas). This provides an
intriguing possibility to search in parallel for solar axions and also for relic axions in the galactic
halo that could have been produced in the early universe.
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Figure 1: Expected IAXO sensitivity on g, as a function of m,, compared with current bounds
(solid) and future prospects (dashed) of other experiments (CAST, ADMX, ALPS-II). The
region below the red dashed line is viable ALP DM parameter space. The region at low m,
above the dashed grey line is the one invoked in the context of the transparency of the universe
while the solid brown region is excluded by H.E.S.S. data [10]. The yellow band represents the
range of realistic axion models where the green line refers to the benchmark KSVZ model.
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CERN Axion Solar Telescope (CAST) is currently the most sensitive axion helioscope
designed to search for axions and axion-like particles produced in the Sun. CAST is using
a Large Hadron Collider prototype magnet where axions could be converted into X-rays.
So far, no evidence of signal has been found and CAST set the best experimental limit on
the axion-photon coupling constant over a broad range of axion masses up to ~ 1 eV.
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1 Introduction

Axions are hypothetical particles arising in models which may solve the CP problem of strong
interactions. The underlying Peccei-Quinn (PQ) mechanism [1] introduces a new global U(1)
symmetry that is spontaneously broken at a large energy scale f,. Axions are neutral pseu-
doscalars with phenomenology determined by the scale f,. They generically couple to gluons
and mix with neutral pions. The axion mass can be expressed in the form m, = m, fr/fo =
6 eV(105 GeV/f,), where m, and f, are the pion mass and decay constant, respectively. Ax-
ions couple to photons, nucleons and electrons. Most of the axion experimental searches rely
on the axion interaction with two photons, allowing for axion-photon conversion in external
electric or magnetic fields.

The CAST experiment is based on the axion helioscope technique [2] where a dipole magnet
is oriented towards the Sun. Axions could be produced in the solar plasma via the Primakoff
process, and back-converted into photons in a laboratory magnetic field. The expected solar
axion flux at the Earth would have a continuous energy spectrum peaked near the mean energy
(E,) = 4.2 keV and dying off above 10 keV. The expected number of photons (X-rays) reaching
a detector is Ny = [(d®,/dE,)Py—,StdE, where (d®,/dE,) is the differential axion flux
at the Earth, P,_,, the axion-photon conversion probablilty, S the effective area and ¢ the
measurement time. The axion-photon conversion probability in vacuum can be written as
Posry = (garB/q)? sin?(¢L) where L is the magnet length, B the magnetic field and ¢ = m2 /2E,
the axion-photon momentum difference. The probability is maximal if the axion and photon
remain in phase over the magnet length, i.e. when the coherence condition ¢L < 7 is satisfied.
As a consequence, the experimental sensitivity is restricted to a range of axion masses. In order
to extend the sensitivity to higher axion masses, the conversion region has to be filled with a
buffer gas which provides an effective photon mass.

The first implementation of the axion helioscope technique was performed in Brookhaven [3]
and later a more sensitive search in Tokyo [4, 5, 6]. The most sensitive heliscope experiment
CAST has been taking data since 2003, both with vacuum and gas (helium) inside the conversion
region.

2 Experimental setup

CAST utilizes a Large Hadron Collider (LHC) prototype dipole magnet as the source of external
magnetic field (B = 9 T). Inside the magnet there are two paralell pipes with the length L =
9.26 m and cross-sectional area S = 2x14.5 cm?. The magnet is mounted on a rotating platform
with +40° horizontal and +8° vertical movement. As a result, the Sun can be followed for about
1.5 hours both at sunrise and sunset during the whole year. At both ends of the magnet, different
detectors are searching for X-rays coming from axion conversion inside the magnet when it is
pointing to the Sun. The time the Sun is not reachable is used for background measurements.
Two different X-ray detectors are used presently. Three Micromegas detectors [7, 8, 9] cover
two bores on the sunset side and one of the bores of the sunrise side. A Charged Coupled Device
(CCD) [10] is covering the other bore on the sunrise side. The CCD is working in combination
with an X-ray telescope which can focus the photons to a few mm? spot, thus significantly
improving the experimental sensitivity.
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Figure 1: Left: Exclusion regions in the m, — gy plane achieved by CAST in the vacuum,
4He, first part of the 3He phase and our new preliminary results (all in red). We also show
constraints from the Tokyo helioscope (Sumico), horizontal branch (HB) stars, and the hot
dark matter (HDM) bound. The yellow band represents typical theoretical models while the
green solid line corresponds to the KSVZ model. Right: CAST constraints on gqe and gq- for
mq < 10 meV. The region above the thick black line is excluded by CAST. The gray region is
excluded by solar neutrino measurements. In the vertical orange band, axion emission strongly
affects white dwarf cooling and the evolution of low-mass red giants; the region to the right of
this band is excluded. Likewise, helium-burning stars would be affected in the horizontal blue
band; parameters above it are excluded.

3 CAST operation, results and prospects

The CAST experiment has been taking data since 2003. During 2003 and 2004 the experiment
operated with vacuum inside the magnet bores, and set the best experimental limit on the
axion-photon coupling constant for the axion mass range up to 0.02 eV [11, 12]. In order to
extend the sensitivity to higher axion masses, the conversion region had to be filled with a
buffer gas. By changing the pressure of the buffer gas in steps, one can scan an entire range
of axion mass values. During 2005 and 2006 the magnet bores were filled with *He, and the
range of axion masses up to 0.39 eV was scanned. For the first time, the obtained limit [13]
entered the QCD axion model band in the electroweak range. From 2008 to 2011, with *He
as the buffer gas, CAST covered the range of axion masses up to 1.18 eV. The results of the
first part of 3He data, with the sensitivity up to 0.64 eV, were published in [14]. Figure 1 (left)
shows the CAST published limits on the axion-photon coupling constant for axion masses up
to 0.64 eV, as well as the preliminary limit for masses up to 1.18 eV.

Apart from the main line of research, CAST has also performed searches from M1 nuclear
transitions [15, 16] and low energy axions [17]. The most recent search investigated non-
hadronic axion models, which have a tree-level axion-electron interaction. In these models,
axions would be abundantly produced in the Sun via bremsstrahlung, Compton scattering, and
axio-recombination. Figure 1 (right) shows the obtained constraints [18] on the axion-electron
(gae) and axion-photon coupling constant (g,) for the range of axion masses up to 0.01 eV.
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In the immediate future, CAST is planning to revisit the vacuum phase with significantly im-
proved low-background Micromegas detectors and new X-ray optics for the sunrise Micromegas.
With the improved sensitivity, CAST will be able to scan a new region of the parameter space
searching for axion-like particles. These particles appear in many extensions of the standard
model (including string theory) and are viable candidates for the dark matter of the universe.
In parallel, CAST will be able to search for other proposed particles at the low energy frontier,
like hidden photons or chameleons.

The challenge for the long-term future is to move down in the m,—gq, parameter space. This
goal could be achieved with significant improvements of magnet and detector properties, and
extensive use of X-ray optics [19]. A new generation of axion helioscope, IAXO (International
AXion Observatory), is currently at the level of the Conceptual Design.
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A search for axioelectric absorption of solar axions produced in p4d — 3He +~ (5.5 MeV)
reactions has been performed with a BGO detector placed in a low-background setup.
A model-independent limit on an axion-nucleon and axion-electron coupling constant has
been obtained: |gae x gin| < 2.9 x 1079 for 90% confidence level. The constrains of the
axion-electron coupling have been obtained for hadronic axion with masses in (0.1 - 1)
MeV range: |gac| < (1.4 —9.7) x 1077,

1 Introduction

New possibilities for solving a strong CP problem are based on the concept of the existence of
the mirror particles [1] and supersymmetry [2]. These models suppose the existence of axions
with the mass of about 1 MeV, and this existence is forbidden by neither laboratory experiments
nor astrophysical data.

Recently, the high energy solar axions and axions from a nuclear reactor have been sought
by the Borexino [3, 4], the CAST [5] and the Texono [6] collaborations. We have previously
published a search for 5.5 MeV axions with BGO detectors [7, 8].

2 Axion production in nuclear magnetic transitions and
the axioelectric effect

The reactions of the main solar chain and CNO cycle can produce axions with higher energies.
The most intensive flux is expected as a result of the reaction: p+ d — 3He 4 when 5.5 MeV
axion is emitted instead y—quantum. The expected solar axion flux can thus be expressed in
terms of the pp-neutrino flux, which is ®,,, = 6.0 x 10'%m=2s~! [9].

In the p(d, *He)~y reaction, the M1-type transition corresponds to the capture of a proton
with a zero orbital momentum. The probability of proton capture from the S state at proton
energies below 80 keV has been measured in [10]; at the proton energy of ~ 1 keV, M1 fraction of
the total p(d, >He)~y cross section is y = 0.55. The proton capture from the S state corresponds
to the isovector transition, and the ratio of the probability of a nuclear transition with the axion
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production (w4) to the probability of a magnetic transition (w,) depends only on g% [8, 11]:
wA x [g ’ ba ’ ba °
AN 3 32
£ = i = 0.54(g <) . 1
Wy 27 [ M3 ] <p7) () D~ @

where p, and p4 are, respectively, the photon and axion momenta; « is the fine-structure
constant; and pg is isovector nuclear magnetic momenta.
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Figure 1: The ratio of the emission probabilities for axions and v quanta (wa/w,) in the
p+ d — 3He + v reaction (curve 1, left-hand scale); the cross section of the axioelectric effect
for 5.5-MeV axions on bismuth atoms for g4, = 1 (curve 2, right-hand scale).

The calculated values of the w4 /w, ratio as a function of the axion mass are shown in Fig.1.
The axion flux on the Earth’s surface is ®4 = @, (wa/wy).

To detect 5.5 MeV axions, we chose the reaction of axioelectric effect A+Z+e — Z+e which
is caused by the axion-electron interaction. The cross section of the axioelectric effect depends
on the nuclear charge according to the Z° law, and therefore, it is reasonable to search for this
process using detectors with a large Z. The detection efficiency for the produced electron is
close to 1 and the background level at 5.5 MeV is much lower than in the range of natural
radioactivity. As a result, the sensitivity to constants g4, and gan can be high even in an
experiment using a relatively small target mass.

The axioelectric effect cross section for K-shell electrons has been calculated (on the as-
sumption that F4 > Ep and Z < 137) in [12]. The dependence of the cross section on the
axion mass for the coupling constant g4, = 1 is shown in Fig.1.

3 Experimental setup

We used a 2.46 kg BGO crystal, manufactured from bismuth orthogermanate BiyGesOq2 (1.65
kg of Bi), to search for the 5.5 MeV axions. The BGO crystal was grown at the Nikolaev
Institute of Inorganic Chemistry and it was shaped as a cylinder, 76 mm in diameter and 76
mm in height. The detector signal was measured by an R2887 photoelectron multiplier, which
had an optical contact with a crystal end surface.
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The external v activity was suppressed using a passive shield that consisted of successive
layers of lead (90 mm) and bismuth (15 mm BisO3). The total thickness of the passive shield
was ~ 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.

1.46 MeV -, 10° 4.44 MeV
[}

%

Counts / 14 ke

=)

Counts / 20 keV / 29.8 days

Figure 2: The energy spectrum of the BGO detector measured (1) in anticoincidence and (2) in
coincidence with the active shielding signal. The location of the expected 5.5 MeV axion peak
is denoted by an arrow. In inset the spectrum measured with Pu-Be neutron source is shown.

4 Results

The measurements were performed over 29.8 days in live time. The energy spectrum of the
BGO detector in the range of (0-11) MeV is shown in Fig.2. The spectrum of the BGO signals
that were not accompanied by the active shielding signal is designated as 1.

The positions and dispersion of the 1.46 MeV and 2.614 MeV peaks determined during the
measurements were used to find the energy scale and resolution of the BGO detector. For
higher energies the energy calibration was checked with a 23 Am-?Be neutron source. (Fig.2,
inset).

Figure 3 shows the energy range of (4.5 — 6.5) MeV, in which the axion peak was expected.
The spectrum measured was fitted by a sum of exponential and two Gaussian functions. The
intensity of the 5.49 MeV peak was found to be S; = —18 + 58, this corresponds to the upper
limit on the number of counts in the peak, Sj;,, = 85 at a 90% confidence level.

The expected number of axioelectric absorption events are:

Sabs = gNBiT¢AO'A6 (2)
where 04, is the axioelectric effect cross section; ® 4 is the axion flux; Np; = 4.76 x 10%* is

the number of Bi atoms; T = 2.57 x 10° s is the measurement time; and ¢ = 0.67 is the detection
efficiency for 5.5 MeV electrons. The axion flux ® 4 is proportional to the constant (g% y)?, and
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the cross section o 4. is proportional to the constant gie. As a result, the S, value depends
on the product of the axion-electron and axion-nucleon coupling constants: (gac)? x (g5 )%

25 -
x'=99.4/95
S1=-18458
E1=5490(fixed)
204 $2=97+55

iy ] E2-5772162
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Figure 3: The fitted BGO spectrum in the (4.5 — 6.5) MeV range. Curve 3 is the detector
response function for Fy = 5.49 MeV and ¢ = 0.093 MeV.

The experimentally found condition S,ps < Sy, imposes some constraints on the range of
possible [gac X g% x| and m 4 values. The range of excluded |ga. x g3 5| values is shown in Fig.
4, at m4 — 0 the limit is

|g4e X ghn| <2.9x107°. (3)

The dependence of |gae x g x| on ma is related only to the kinematic factor in axio-
electric cross section. These constraints are completely model-independent and valid for any
pseudoscalar particle with coupling |gac| less than 10~6(4) [g].

Within the hadronic axion model, g3 5 and m 4 quantities are related to the known relation,
which can be used to obtain a constraint on the g4, constant, depending on the axion mass
(Fig.4). For m4 = 1 MeV, this constraint corresponds to [gae| < 1.4 x 1077.

Figure 4 also shows the constraints on the constant |ga.| that were obtained in the Borexino
experiment for 478-keV 7Li solar axions [3] and in the Texono reactor experiment for 2.2-MeV
axions produced in the n+p — d+ A reaction [6]. Recently, Borexino coll. reported new more
stringent limits on g4. coupling for 5.5 MeV solar axions [4]. Unlike our work, these limits on
gae were obtained in assumption that the axion interacts with electron through the Compton
conversion process.
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“Dark Photons”, light new vector particles V,, kinetically mixed with the photon, are
a frequently considered extension of the Standard Model. For masses below 10 keV
they are emitted from the solar interior. In the limit of small mass my the dark pho-
ton flux is strongly peaked at low energies and we demonstrate that the constraint on
the atomic ionization rate imposed by the results of the XENON10 Dark Matter experi-
ment sets the to-date most stringent limit on the kinetic mixing parameter of this model:
kX my < 3x107'2eV. The result significantly improves previous experimental bounds
and surpasses even the most stringent astrophysical and cosmological limits in a seven-
decade-wide interval of my .

1 Introduction

In the recent years, the model of light vector particles with kinetic mixing to the Standard Model
photon has received tremendous attention, theoretically as well as experimentally. Whereas
my 2, 1 MeV is mainly being probed in medium-to-high energy collider experiments, masses in
the sub-MeV regime are subject to severe astrophysical and cosmological constraints. Below
my < 10 eV, those limits are complemented by direct laboratory searches for dark photons in
non-accelerator type experiments. Among the most prominent are the “light-shining-through-
wall” experiments (LSW) [1] and the conversion experiments from the solar dark photon flux,
“helioscopes” [2]; a collection of low-energy constraints on dark photons can e.g. be found in
the recent review [3]. Helioscopes derive their sensitivity from the fact that such light vectors
are easily produced in astrophysical environments, such as in the solar interior, covering a wide
range of masses up to my ~ few keV. In general, stellar astrophysics provides stringent con-
straints on any type of light, weakly-interacting particles once the state becomes kinematically
accessible [4]. Only in a handful of examples does the sensitivity of terrestrial experiments
match the stellar energy loss constraints.

Here we review our works [5, 6] in which we have identified a new stellar energy loss mech-
anism originating from the resonant production of longitudinally polarized dark photons and
derived ensuing constraints from underground rare event searches. Limits on dark photons
were improved to the extent that previously derived constraints from all LSW and helioscope
experiments are now superseded by the revised astrophysical and new experimental limits.

*Speaker. 9th Patras Workshop on Axions, WIMPs and WISPs.
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Figure 1: Left: Energy differential solar dark photon flux at Earth for k = 107'? and my = 1eV. The
solid/dotted line shows the longitudinal(L)/transverse(T) contribution. Right: Constraints on x as a
function of my. The black solid/dashed/dotted curves show the total/longitudinal/transverse energy
loss limit of the Sun by requiring that the dark photon luminosity does not exceed 10% of the standard
solar luminosity [7]. The red line shows the constraint derived from the XENONI10 data. Previous
and future (="proj.”) experimental bounds/sensitivities are shown by the shaded regions. From light
to dark shading these are from the CAST experiment [8] considering the contributions from only the
transverse modes [2], from the ALPS collaboration [9], and from tests of the inverse square law of the
Coulomb interaction [10].

2 Dark Photons from the sun: flux and detection

The minimal extension of the SM gauge group by an additional U(1)y gauge factor yields the
following effective Lagrangian well below the electroweak scale,

1 1 K m?

L= _ZFI%V - ZV#QV - §FHVVMV + TVVHVH + eJim Ay, (1)
where V), is the vector field associated with the Abelian factor U(1)y. The field strengths of
the photon F},, and of the dark photon V), are connected via the kinetic mixing parameter x
where a dependence on the weak mixing angle was absorbed; J£, is the usual electromagnetic
current with electric charge e.

Because of the U(1) nature of (1), we must distinguish two cases for the origin of my:
the Stueckelberg case (SC) with non-dynamical mass, and the Higgs case (HC), where my
originates through the spontaneous breaking of U(1)y by a new Higgs field hA’. The crucial
difference between the two cases comes in the small my limit: while all processes of production
or absorption of V in SC are suppressed, I'sc ~ O(m?,), in HC there is no decoupling, and
T'uc ~ O(m?,). Indeed, in the limit my ;- — O the interaction resembles one of a mini-charged
scalar with the effective EM charge of e. = e’ [11, 12, 13, 14]. In the following we discuss the
SC and refer the reader to our work [6] as well as to [15] and references therein for HC.
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Solar flux The solar flux of dark photons in the SC is thoroughly calculated in Ref. [5]; for
further discussion see also [16]. In the small mass region, my < w, where wy, is the plasma
frequency, the emission of longitudinal modes of V' dominates the total flux, and the emission
power of dark photons per volume can be approximated as

2,2
P, 1 K’mijw,

T e, Y T T . 2
AV 4mewr/T —1 @)

This formula is most readily obtained by noting that a resonant conversion of longitudinal
plasmons into dark photons is possible whenever w? = wf,. The energy-differential flux of dark
photons at the location of the Earth is shown in the left panel of Fig. 1. Resonant emission
stops for w 2 300eV since wy, is limited by the temperature in the sun’s core.

Absorption of dark photons In the SC, the ionization of an atom A in the detector can
then be schematically described as V + A — AT + e~. The total dark photon absorption rate
is given by,

2
K:T,L Im HT,L 2 /{Qm“l/

F e — = . 3
T,L w ) K?T,L (m%/ — RGHT7L)2 + (ImHT7L)2 ( )

k7,1, are the effective mixings for the transverse (T) and longitudinal (L) modes respectively.
The polarization functions Il7 ; are found from the in-medium polarization tensor IT**,

" (q) = iez/d‘lm QT TR (2)JY, (0)|Q) = —TIp Z eltelv _qrpebnely, (4)

i=1,2

where ¢ = (w, ) is the dark photon four momentum and €/>* are the polarization vectors for
the transverse and longitudinal modes of the dark photon, eﬁ = —1. The first relation (3) is a
manifestation of the optical theorem.

The polarization functions Ilr ; are related to the complex index of refraction, nye or,
equivalently, to the permittivity of the medium e = n2;. For an isotropic, non-magnetic
medium Il = (w? — ¢%)(1 — nZ;,), and Iy = w?(1 — nZ;,), so that for an incoming on-shell
dark photon with ¢ = m,, I';, « ?m} indeed holds. We obtain nef from its relation to
the forward scattering amplitude f(0) = f1 + if2 where the atomic scattering factors f o are
e.g. tabulated in [17]. Close to the ionization threshold we make use of the Kramers-Kronig
dispersion relations to relate f; and fy for estimating n,er,. Alternatively, one can solve an

integral equation relating Ime and Ree in a self-consistent manner, an approach taken in [6].

Limits from direct detection With flux d®7 1 /dw and absorption rate I'r 1, at hand, the
expected number of signal events in a given experiment reads

“max ydw [ dP d®
Nexp = VT/ 7 < dwTFTJr deFL) Br, (5)

where V and T are the fiducial volume and live time of the experiment, respectively, and Br is
the branching ratio of photoionization rate to total absorption rate.

Given the significant infrared enhancement of the solar dark photon spectrum, left panel of
Fig. 1, the low-energy ionization signals measured in the XENON10 [18] dark matter experiment
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have the best sensitivity to constrain a dark photon flux that is also supported by the Sun.
With ~12 eV ionization energy in xenon, the absorption of a dark photon with 300 eV energy
can produce about 25 electrons. From [18] we estimate a 90% C.L upper limit on the detecting
rate to be r < 19.3 events kg~ 'day ! (similar to limits deduced in Ref. [19]). In the region
12 eV < w < 300 eV the ionization process dominates the absorption, and therefore Br in this
region can be set to unity. The 90% C.L. upper limit on x as a function of my is shown by the
thick red curve in Fig. 1. As can be seen it surpasses other current experimental limits as well
as the solar energy loss bound in a mass interval from 107° eV < my < 10eV.

Given the enormous amount of experimental progress in the field of direct Dark Matter
detection, one can be optimistic that future sensitivity to dark photons, and other light particles
is bound to be further improved.
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Sun’s luminosity in the visible changes at the 1072 level, following an 11 years period. In
X-rays, which should not be there, the amplitude varies even ~ 10° times stronger, mak-
ing their mysterious origin since the discovery in 1938 even more puzzling, and inspiring.
We suggest that the multifaceted mysterious solar cycle is due to some kind of dark mat-
ter streams hitting the Sun. Planetary gravitational lensing enhances (occasionally) slow
moving flows of dark constituents towards the Sun, giving rise to the periodic behaviour.
Jupiter provides the driving oscillatory force, though its 11.8 years orbital period appears
slightly decreased, just as 11 years, if the lensing impact of other planets is included. Then,
the 11 years solar clock may help to decipher (overlooked) signatures from the dark sector
in laboratory experiments or observations in space.

1 Introduction

The nearby Sun is full of large and small mysteries, with its unnatural hot outer atmosphere
being the mostly impressive one, with an anomalous strong temperature rise being quasi step-
like. The biggest of all mysteries, which is almost ubiquitous in solar phenomena, remains
however the celebrated 11 years Schwabe solar cycle. The working of the underlying clock is
still unknown. R. Wolf already in 1859 [1] was the first to bring-up the possible planetary
origin of the 11 years periodic behaviour of the sunspots, because of Jupiter’s close orbital
period ( 11.8 yr). In fact, various investigations could establish a clear correlation between the
Suns cyclic dynamical behaviour and the planetary orbiting periods [2]. As the most obvious
and promising potential mechanism behind such a planetary impact on the Sun, it has been
considered gravitational tidal forces acting on the Sun, mainly by Jupiter; their periodicity
drifts towards the solar cycle, if a few other inner solar planets are also included when summing
up their periodic tidal impact. However, it was realized that the estimated planetary tidal

*email: zioutas@cern.ch
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impact was extremely small to cause any significant change of the dynamic Sun [2], or even
less to justify the origin of the enigmatic 11 years cycle. For this reason the planetary - Sun
connection has been ignored for long time, while such a claim was also seen not only within
astronomy, but rather instead within the frame of astrology [3]. Though, the significance of
the correlation was high, since planetary tides follow a temporal pattern with a conspicuous
correlation with the solar activity cycle, and therefore this challenging observation was not set
ad acta [4, 5]. Hence, the many faces of the 11 years solar cycle may hold many important clues
as to how the solar clock is working. To constrain the underlying mechanism(s), we discuss
here an alternative scenario, which couples the dynamic Sun with the planets via the already
introduced streams of dark constituents [6]. Further, dark disk configurations which co-rotate
with the galaxy may contribute to the local dark matter flows [7]. Actually, this seems to be
the only procedure left-over, in which the precise planetary periods can enter into the suggested
11 years scenario, explaining thus how the apparent ‘communication’ between the planets and
the Sun is settled.

2 The new mechanism

In this work we suggest a new physical mechanism aiming to explain the solar cycle, which is
cosmic in origin. It is based not on planetary torque, but on the gravitational lensing effect by
the planets as they revolve with a constant orbital period around the Sun, entailing all the strik-
ing planetary periodic changes. In fact, they can focus gravitationally at the Sun’s position slow
moving incident dark matter (or any other exotic) constituents [6]. The flux enhancement and
its duration depend on the relative alignment between the Sun, the planet(s) and the otherwise
as yet invisible cosmic irradiation [8]. For a flux enhancement to occur, the incident irradiation
of the solar system by any kind of feebly interacting particles must not be isotropic, arriving
preferentially along the ecliptic plane. In this way, the planets may still leave somehow their im-
prints as the Sun’s 11 years enigmatic activity rhythm. The bulk of the celebrated dark matter
halo in our neighbourhood is not further considered here, since its origin goes back to the early
Universe, and therefore it is isotropic. By contrast, for example, non-relativistic particles from
point-like sources along / near the ecliptic plane like the celebrated ” constellations”, or, incident
slow moving streams of dark matter or the like, can be gravitationally lensed towards the Sun
by one or more planet(s), when a stream is properly co-aligned with the Sun and the planet(s).
This can happen, because of the v=2 - dependence of the lensing (=deflection) angle [8]. For
example, the planets Jupiter and Earth can focus at the Sun’s position incoming particles with
speeds v < 1072c and v < 3 - 10~ 3¢, respectively, provided such particles propagate near the
ecliptic, since most planets move coplanar (within a few degrees). We recall that relativistic
particles (v ~ ¢) have focal lengths substantially larger than the orbital radius of Jupiter, even
if the Sun is taken as the gravitational lens. But, over the last ~ 150 years, Jupiter’s 11.8 years
orbital revolution around the Sun was considered as the possible cause of the strikingly close
~ 11 years solar cycle, despite the rejected tidal mechanism (see e.g. [2]).

We note that the mentioned speeds of non-relativistic particles, resemble that of dark matter,
but also dark constituents produced possibly in stars. Therefore, their direction of propagation
can be influenced noticeably by the planetary gravitational fields. We mention, as a generic
example, massive solar axions of the Kaluza-Klein (KK) type [10], which escape from the Sun
with a mean velocity of about 0.6¢. For the purpose of this work, it is reasonable to assume that
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a percentage of the solar KK axions (or the like) of about 1%o leave the Sun with speeds below
about 0.01c (see Figure 5 in ref. [10]). However, the fraction of such or other slowly moving
exotica is not negligible, and it might be much more from other stars like pulsars, because of
the much stronger gravity (vescape < 0.3¢).

It is of particular interest, the actual flux enhancement which can be expected by planetary
gravitational focusing. Thus, it was shown recently [9] that Jupiter can cause, in the ideal
case, a flux increase at its focal plane of as much as by a factor of 106, assuming incident
streaming particle candidates from the dark sector with the aforementioned speeds. As it was
pointed out for KK-axions, it is not unreasonable to assume that such or other slow moving dark
fluxes do exist; they may reach the solar system either as some sort of streaming dark matter,
or, they may come from some point-like sources in the sky. Then, they can get (temporally)
focused, by one or more planets, towards and interfere with the Sun. Apparently, similar
gravitational lensing can take place between the planets, and other celestial bodies. Thus, the
sporadic planetary co-alignment repeats in precisely predictable time intervals. Coincidentally,
the various planetary configurations elaborated for the tidal scenario can be taken over for this
work, as it also gives the time-variable influx of focused directional dark constituents. Of course,
this additional influx must interact with the Sun and cause a considerable influence, whatever
the underlying process is at the end (see below).

2.1 Some numerics

The possible existence of dark matter particle streams in the galactic halo has been already
considered [6, 7]. The Sagittarius Dwarf Elliptical Galaxy is a well studied case. The expected
stream density at the Sun’s position is a few % of the local dark halo, with stream velocities
around 1073¢ [6, 7]. Here we assume that streaming dark constituents make about 1% of the
local ~ 0.3GeV/cm? relic dark matter. With velocities around 1072 — 10~ 3¢, the integrated en-
ergy flux reaching the Sun can be as much as 103%*!erg/s, if (temporarily / periodically) a ~ 10°
times flux enhancement due to planetary gravitational focusing takes place. Such an external
energy influx (up to ~ 10_2L®) is possibly not negligible. We mention, for comparison rea-
sons, that the much less radiant energy emitted in X-rays by the solar corona (~ 10%**2¢rg/s)
cannot be overlooked, while known physics failed to explain its origin since several decades [12].
Keeping in mind the behaviour of axion(-like) particles [12, 13], the energy deposit by a di-
rectional external dark irradiation of the Sun may take place spatiotemporally only at certain
solar magnetized layers of specific density, etc. Though, the magnetic field is for particles like
paraphotons redundant due to the kinetic mixing of the photon-to-paraphoton oscillation [13].
In addition, incident dark matter particles may be gravitationally captured and accumulated
with time inside the Sun. Such or other processes may bring the Sun out of equilibrium short
and/or long term, giving rise to the otherwise puzzling and unpredictable (local / global) solar
activity. Some of the diverse exotica from the dark sector, like axions, paraphotons, WISPs,
WIMPs, etc., may interact 'preferably’ with the Sun, since its huge dynamic range of properties
none Earth-bound detector can actually mimic. For example, if the additional energy deposit
goes, e.g., via the Primakoff - effect [12, 13], a fine-tuned spatiotemporal resonance between the
rest mass of the dark constituents, the local solar plasma frequency (=energy), and/or eventu-
ally the local solar magnetic field, may occur somewhere inside the Sun or its atmosphere. Such
an interaction occurring only with the Sun, it does not necessarily contradict Earth bound dark
matter experiments. After all, they could not unravel a signature, because they have failed
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to pin down those necessary conditions within their very limited detector parameter values.
Finally, in order to recuperate an 11 years solar cycle from the since ever suggestive 11.8 years
Jupiter’s orbital period, it suffices to consider the combined gravitational lensing effect with few
more inner ones. Figure 1 shows actually an outstanding agreement between Schwabe’s solar
cycle periods and the planetary tides [11, 2], which are used here as proxy for gravitational
lensing.

900

SSN (1749-2011) - Lomb Periodogram ——
800 - \ V/EN MV ]
11.01yr ~P =P =11.07yr
700 .
600 |- -
e 9.93yr = P’
% 500 | ~1 002 —> i
& 400 .
300 |- 11.8yr ~ PP = 11 86yr 1
prl
200 —
0 s ! /\,-/'\/\,
5 10 15 20 25 30

Period (year)

Figure 1: The monthly average sunspot number reveals the existence of three peaks around 11
years (red) [11], which are all associated to planetary tides (blue). Tidal periods (P) of single
and combined planets by Jupiter, Saturn, Venus, Earth, Mercury fit to planetary frequencies
around 11 years. Note, in this work tidal timing reflects also gravitational lensing by the same
planet(s). Courtesy, Nicola Scafetta (2013).

3 Discussion

The suggested planetary gravitational lensing scenario fits the characteristic timing of the as
yet enigmatic solar cycle, which follows impressively the combined orbital rhythm of the inner
planets; the Jupiter’s period (11.8 years) is the most strikingly one close to the 11 years. The
earlier suggestion, based on the tidal forces acting on the Sun by the various planetary con-
figurations, failed to explain any reasonable impact on the Sun’s workings. But, interestingly,
most derived findings there, e.g., the planetary alignment(s) and period(s) of appearance, can
be borrowed actually unmodified to corroborate the alternative scenario based on gravitational
focusing of streaming constituents from the dark sector. The plethora of candidates like slow
moving massive exotica, from axions and axion-like particles [12, 13, 14, 15] to D-particles de-
fects [16], which have been already discussed, are inspiring and may provide the energy input
for the present solution of the 11 years solar clock.
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Then, Wolf’s suggestion was advanced for his time, since both, gravitational lensing and
dark matter, were unknown. In fact, Jupiter provides the main driving force of the solar cycle,
while the synergy with the other planets shifts slightly the 11.8 years period to the 11 years
solar master clock. Actually, there is nothing else one could imagine beyond the assumed flows
of dark particles, which may settle such an oscillatory behaviour for the Sun being identical with
the combined planetary orbital rhythm. Then, it is not unreasonable to assume that the main
as yet unidentified piece of the whole puzzle, i.e., some kind of dark streams do exist, showering
the Sun, thanks to the intervening planets, periodically and probably also irregularly, in large
quantities. Moreover, the mystery of the 11 years solar cycle might be pointing at the properties
of the assumed dark streams towards the Sun near the ecliptic, whose intensity reaching the
Sun gets occasionally enhanced by the planetary gravitational lenses. The same holds also
for Earth-bound or some experiments in space, since they may profit from introducing in the
data analysis the aforementioned period(s), or, the predicted time intervals with increased
signal-to-noise ratio due to flux enhancement. This might allow to unravel an otherwise hidden
signature.

4 Conclusions

It is suggested, that the mysterious 11 years solar cycle could be explained by incident particle
streams (from the widely discussed dark sector) towards the Sun. More specifically, the flux
of expected streaming dark matter component(s) beyond the isotropic local dark matter halo
(~ 0.3GeV/em?) with velocities around 1073 — 10~ 2¢ can be temporarily increased by the grav-
itational lensing potential of a single or more planets. For a constant influx of dark particles
near the ecliptic, the combined planetary focusing efficiency shows surprisingly a periodicity of
11 years. In addition, dark streams varying with time could explain the fluctuations of the 11
years period in length and in amplitude. The same might hold for the unpredictable nature of
puzzling, irregularly occurring solar events, which could also be another manifestation of the
suggested scheme. Moreover, the expected external energy input to the Sun due to periodic
flux enhancement is not negligible. This is true when a comparison is made with the total solar
luminosity, but it is more suggestive, if such an additional external irradiation is compared with
the several orders of magnitude weaker corona energy emission in X-rays, which is unexpected.

Interestingly, the coronal emission shows also an 11 years cycle, though with a change in
intensity by a factor of about 10%2. This is to be compared with the corresponding amplitude
variation of the bulk of the solar luminosity, which is only at the 1073 levell The impres-
sive 11 years coronal modulation must be seen on top of the already enigmatic origin of the
coronal heating mechanism. Obviously, the 75 years old corona riddle becomes even more in-
triguing, as one has to explain, not only the puzzling temperature inversion occurring close
to the photosphere, but also why the Sun emits in X-rays at all (and even more above quiet
magnetized regions), and, why its X-ray brightness changes with time following the mysterious
11 years clock. These mysteries may be interrelated, and they may or may not be of common
origin. Therefore, in dark matter research the anyhow experimentally challenging detection in
the (sub—) keV energy range, seems even more promising to pursue, as it might become the
window to the (multifaceted?) dark sector. The energy overlap with the mysterious X-ray
luminous Sun is certainly motivating.
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In summary, the efficient planetary gravitational lensing of slow dark streams towards the
Sun is suggested as the underlying mechanism, which drives the 11 years cycle. Actually, one
may ask, since tidal effects have been excluded from further consideration, what else could
fit to the striking 11 years solar rhythm reminiscent of the identical combined orbital period
of Sun’s inner planets? Following this scenario, the 11 years solar cycle with its many faces
is the overlooked manifestation of streaming constituents from the dark sector. Hence, dark
matter exotica show up not only on cosmic scales due to their prevailing gravitational force,
but also on sizes like the solar system, or even much smaller. Then, there exists a preferred
spatial direction in our neighbourhood, which is given by the flow of new exotica. Moreover, if
(directional) dark matter constituents cause the mysterious and multifaceted 11 years cycle, this
could provide the tool to design accordingly future direct dark matter searches, while aiming
to unravel overlooked signatures by re-evaluating previous experiments / observations.
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Dark matter can be a mixture of axions, axinos and neutralinos in a Peccei-Quinn extension
of supergravity. To find out which dark matter candidate is preferred by data we perform a
Bayesian statistical analysis on four such scenarios. The main experimental constraints on
these models come from the Planck satellite and from the Large Hadron Collider. Weaker
constrains arise from other astrophysical, collider and low energy measurements. Our study
reveals that the Peccei-Quinn scenario featuring axino dark matter is clearly preferred over
the minimal supegravity model with neutralino dark matter.

1 Introduction

The 7 and 8 TeV center of mass runs of the Large Hadron Collider strongly constrained the
simplest supersymmetric models. The ATLAS and CMS collaborations discovered a Higgs
boson with a mass close to 126 GeV [1, 2]. Assuming this is the lightest Higgs, in the framework
of the Minimal Supersymmetric Standard Model (MSSM) this implies substantial radiative
corrections within the Higgs sector. These radiative corrections enter in the MSSM electroweak
symmetry breaking condition, which gives the electroweak scale as the difference of Higgs sector
masses and the Higgsino mass parameter, and leads to a fine tuning [3].

This unnatural situation is escalated by dark matter fine tuning in the R-parity conserving
constrained versions of the MSSM. The minimal supergravity motivated model, the constrained
MSSM (CMSSM), is one of these models. The CMSSM is spanned at the Grand Unification
Theory (GUT) scale by four parameters: My a common mass for all spin 0 superpartners, M /5
the mass of all spin 1/2 superpartners, Ag the coefficient in front of all tri-linear terms in the
supersymmetry breaking Lagrangian, and tan 8 the ratio of the vacuum expectation values of
the two Higgs doublets.

In the CMSSM dark matter is the lightest neutralino. The abundance of the lightest neu-
tralino, however, only satisfies the Planck implied relic density observation in very narrow slices
of the parameter space. This leads to a serious tension between the CMSSM and observation. It
is very hard to satisfy the Higgs mass, the dark matter density, and other low energy constraints
(such as the anomalous magnetic moment of the muon) simultaneously in the CMSSM. Even
if one makes a reasonable compromise, electroweak naturalness will be sacrificed.
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Naturalness, thus, suggests extending the MSSM. There are, however, numerous possible
ways to extend the MSSM, ranging from modifying its symmetries to introducing new fields.
In this brief submission we consider a Peccei-Quinn extension of the CMSSM. Although this
scenario does not improve the electroweak naturalness, we show that the dark matter fine tuning
is vastly improved. In our case dark matter is an combination of axions, axinos and neutralinos.
We show that in the Peccei-Quinn extension of the of the CMSSM the axino is the preferred
dark matter candidate when compared to the CMSSM.

2  Peccei-Quinn extended MSSM

To solve the strong CP problem Peccei and Quinn (PQ) extended the Standard Model with a
global U(1) symmetry [4, 5]. The U(1)pg symmetry is spontaneously broken at a scale Apg
and the pseudo-Goldstone boson induced by this breaking is the axion. The axion mass is
related to the symmetry breaking scale as [6]

106 GeV
6— Y ¢

gV (1)

Mg =

Supersymmetric Peccei-Quinn models feature the chiral superfield

s+1a
V2

where s is the scalar axion or saxion, a is the the pseudo-scalar axion, a is the axino, and Fj, is an
auxiliary field [6]. The masses of these field depend on the supersymmetry breaking mechanism.
In most cases the saxion is ultra heavy with a mass of about Apg. For the supergravity inspired
model the axino mass takes the following form [7],

b, = +iv/20a + i00F,, (2)

mg =~ <APQ> Mpy with k2 2. (3)
Mp,

A broken Peccei-Quinn symmetry contributes to the neutron electric-dipole moment (nEDM)
at tree level [8]. The current experimental limit on the nEDM is d,, < ‘1.9 X 10’26’ ecm at
90% CL [9]. This translates into a lower bound on the PQ breaking scale. A model dependent
upper bound has also been obtained for the supergravity case [10], leading to

1 x 10° GeV < Apg < 5 x 10* GeV. (4)

Due to the bounds on the Peccei-Quinn breaking scale in Eq.(4), the axion mass is always
restricted in the range between about 107° eV and about 6 x 1073 eV. The axino mass can
take values between 2 GeV and 1 TeV for the case k = 2, and about 1 eV and 7 keV for k = 3.
Thus the axion is always the lightest of the three and it also serves as a good hot dark matter
candidate. The axino, covering a wide range of masses between a few eV to about a TeV, can
be lighter, degenerate or heavier than the lightest neutralino. This makes the PQ violating
supergravity (PQSuGra) scenario very interesting since both the axino and the neutralino can
contribute to the cold matter abundance.

For k = 2, for example, three qualitatively different PQSuGra scenarios are possible de-
pending on the relation between the lightest neutralino mass, mg, and the axino mass, mgs.
These are
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e PQ-1 (neutralino LSP): mgo < mg,
o PQ-2 (axino-neutarlino co-LSPs): mz ~ m
e PQ-3 (axino LSP): mz < msy.

<O
X1

In the first (third) case the lightest neutralino x{ (axino @) is the dark matter candidate. In
the second case they are both cold dark matter candidates.

For k > 2 the axino is always the lightest superpartner. However, scenarios with x > 3 are
unable to generate sufficient dark matter relic density and hence are less interesting. Therefore
in the current work we will only analyze the PQSuGra scenarios with k = 2 (PQ-1, PQ-2 and
PQ-3 as defined above) and « = 3 (PQ-3').

Following Ref.s [10, 11], we calculate the relic densities for the axions and axinos using

s 7/6 .
an? e L <6x106V ) , QTR = M n?, (5)
4 Mg m
1.211\ /10 GeV\%/ ma Tr
QIPh2 o 55601 ] '
a 1550 n( 9s ) ( Apq/N ) <0.1 Gev) (104 GeV) v

Here, Q,h? is the axion relic density, QYTPh? is the relic abundance of non-thermally produced
axinos from neutralino decay and QXFh? is the relic abundance of thermal produced axinos.

Axino dark matter lends the PQSuGra model considerably more flexibility compared to the
minimal SuGra model. The properties of axino dark matter, such as its abundance and couplings
to standard matter, are governed by its mass and A pg which are independent from the CMSSM
parameters. Thus, obtaining a Higgs mass of about 126 GeV, a neutralino abundance of 0.22
pc and low fine tuning is impossible in CMSSM. The PQSuGra model not only accommodates
these requirements much easier but its Bayesian evidence suggests that, despite of its extra
parameters, it is more viable.

3 Statistical analysis of the PQSuGra model
The Peccei-Quinn extended supergravity model is parametrized by

P = {M(),Ml/Q,A[),tan/B,Sgn(/J/)7APQ}. (7)

We use a modified version of SUSY-HIT [12] to calculate sparticle masses and decay rates, and
MicrOmegas 2.4.5 [13] to calculate the relic density of the lightest neutralinos. The calculation
of Bayesian evidences involves the sampling of the likelihood function over the parameter space
of the model. Motivated by naturalness, this scan is done over the following parameter ranges:

M, € [10,2000] GeV, M,/ € [10,2000] GeV, Ap € [-3000,4000] GeV,
tan B € [0,62], Apg € [1x10°,5 x 10" ] GeV, (8)
The likelihood function includes the following observables:

e LHC Higgs searches: my, Rggvyy, Rgg21205 Rygais
e Precision observables (POs): dp, (g — Q)EUSY, BR(b — sv),

e LEP-2/Tevatron: Mg, Mk, My,
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e Planck dark matter abundance: Qpjy.

Here Rggvyy, Rgg2i2v, and, Ryg4 are ratios of diphoton, 2/2v, and 4l event rates in PQSuGra
relative to the Standard Model. We calculate posterior probabilities for the SuGra and PQ-
SuGra models for two choices of priors: (a) the flat (uniform) prior which is constant in a finite
parameter region; and (b) the log prior o< (MoMi/5)~ .

The calculation of the Bayesian ev-

idences is described in detail in Ref. [ Opservables PQ-1 | PQ-2 [ PQ-3 | PQ-¥
[14]. The ratio of the evidences allows [T, C Higgs 0244 | 0.305 | 0.663 | 0.506
us to calculate the Bayes factors pre- | 4 pOs & LEP | 0.238 | 0.322 | 0.724 | 0.626
sented in Table 1. This table shows | 4 planck 0.181 | 0.231 | 1.693 | 2.466

that the PQSuGra scenario is some-
what preferred over the CMSSM when Table 1: Bayes factors for various Peccei-Quinn extended
only constraints from Higgs and pre- supergravity scenarios against the CMSSM. These factors
cision observables (POs) are imposed. should be interpreted according to Jeffreys: 0 — 0.5 " no
However, scenarios where the axino is preference”, 0.5—1 " moderate preference”, 1—2 "strong
dark matter are strongly preferred over preference”, > 2 "decisive evidence”.
the CMSSM. This is because in the lat-
ter it is hard to satisfy the LHC Higgs mass constraint, Planck and g, — 2 simultaneously. In
contrast, the PQ — 3 (and PQ — 3') models satisfy Planck in a wider range of the PQSuGra
parameter space.

In conclusion, in the framework of the Peccei-Quinn extended simplest supergravity model
a wide variety of experimental data clearly prefers axino over axion or neutralino dark matter.
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We discuss some striking properties of photons propagating in a cold axion condensate
oscillating coherently in time with a frequency 1/m,. Three effects are discussed in this
contribution: (a) due to the time dependence of the background, photons moving in the
cold axion background have no definite energies and some momenta are not accessible to
them. (b) we investigate the combined influence of a magnetic field and the cold axion
background and propose a possible interferometric experiment to detect the latter. (c) if
the axion condensate has a space dependence, the photon refraction index is modified in
the medium, possibly leading to total reflection at the interface with the ordinary vacuum.

1 Introduction

Cold relic axions resulting from vacuum misalignment in the early universe are good candidates
for dark matter[1, 2]. A coherent spatially constant axion field (it may be a genuine Peccei-
Quinn axion(3] or a similar field) acquires a mass m, once instanton effects set in and oscillates

a(t) = ag cosmyt. (1)

The energy density stored in these oscillations p ~ a3m? contributes to the energy-matter

budget of the universe. This constitutes the cold axion background, or CAB for short.
As it is well known, the coupling of axions to photons is universal

a a .
Layy = gaw%*FﬂvFu . (2)

The only arbitrariness lies in the coefficient g, but most models [4] give g,y =~ 1. Using (1)

a Q ‘i
Laryy = ~Gayy — 7 Cos(mat) €7 A Fj. (3)

fa

Cosmology considerations place the axion mass in a range 1072 — 1075 eV[2]. For Peccei-Quinn
axions an approximate relation of the form f,m, ~ frm, holds, thus forcing the axion decay
constant to be at least f, > 10° GeV. From astrophysics the limit f, > 107 GeV seems now
well established. This makes the axion extremely long-lived and very weakly coupled.

In addition to the axion-photon coupling, as indicated above, axions can also couple to mat-
ter in specific models. However, the smallness of the coupling makes their detection extremely
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challenging. Nevertheless, some of the best bounds on axion masses and couplings do come
from the study of abnormal cooling in white dwarfs due to axion emission[5].

In fact there are two separate questions we have to address. The first one is whether axions
exist at all. This is what experiments such as CAST, AMDX, AMDXII, IAXO or ALPS try to
address. If its mass turns out to be in the relevant range for cosmology we would indeed have
a strong hint that axions may provide the elusive dark matter.

However, we would eventually like to verify or falsify the CAB hypothesis and determine to
what extent cold axions contribute to the dark matter budget. Finding the axion particle with
the appropriate properties is not enough. Unfortunately a direct experimental confirmation of
the CAB is extremely difficult and it could possibly be accomplished only via some collective
effect on the propagation of particles. Looking for the effect of the CAB on photon propagation
is the most natural possibility.

In a previous Patras meeting we reported on three effects that the presence of a CAB
induces on photon propagation[6]. The CAB modifies the photon dispersion relation introducing
a Lorentz non-invariant term, which makes Bremsstrahlung from cosmic rays possible. The
amount of energy radiated by this process was computed and found to be non-negligible[7],
but normal synchrotron radiation background is a tough enemy for its detection. The second
effect discussed was the presence of an additional rotation in the polarization plane of light (on
top of the familiar one[8], see [9] for a detailed discussion). The third effect discussed is that
some photon wave-lengths are actually forbidden in a universe filled with cold axions oscillating
coherently[9]. In this talk we will continue our discussion on the last two points, and also
speculate very briefly on possible consequences of having a CAB with some spatial dependence.

In order to determine the properties of photons in a CAB we need to solve the equation of
motion in momentum space. For the time being let us ignore the magnetic field.

(97 (k> —=m2) +ie* P nq kg] Ax(K) = 0. (4)

where 1, ~ J,a = dn0a. We shall approximate the sinusoidal variation with of the axion
background by a piecewise linear function (see figure). The astrophysical and observational
bounds on |ny| = 20y 7“4+ range from o] < 10724 to np < 1072Y eV. The quantity 7o
changes alternatively from positive to negative with a period 27 /m,. Within each period of
oscillation two complex and space-like chiral polarization vectors €' (k) can be defined (see

[10]). The two polarization vectors are solutions of the vector field equations if and only if
= (wi k) we=/k2+m2Enk, k=K. (5)

2 Forbidden wavelengths

Using this approximation of replacing the CAB oscillation by a piecewise-linear function, as
shown in the figure, we can solve exactly for the propagating modes. The equation for A, (¢, k)

-
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is
[gH"(aerEZ)—iewaﬂnak@ At k) =0. Atk = D Al (k). (6)
A=+,—

We write f(t) = e"“!g(t) and demand that g(¢) have the same periodicity as n(t) = 1o sin(mqt).
This requires the fulfillment of the condition

2 2
a® + % . . T
———ssin(aT) sin(BT), T =—, 7

505 Sn(aT)sin(3T), T =T 7
where «, 8 coincide with the two frequencies w .

A close inspection of the solutions to the previous equation reveals the existence of momen-

tum gaps: some values of k admit no solution for w. The phenomenon is visible for large values
of the dimensionless ratio 79/m,. In a universe filled with cold axions oscillating with a period

cos(2wT) = cos(aT) cos(ST) —

HT=1 pT=107*

kT kT

2w /m, some wavelengths are forbidden by a mechanism that is similar to the one preventing
some energies from existing in a semiconductor. See [9] for more details. Unfortunately, for
realistic values of 79 the gaps are probably far too small to be seen. Their width is actually
proportional to n¢/m,

3 Adding a magnetic field

If 59 = 0 the theoretical technology is well known. It amounts to resumming the Feynman
diagrams shown below. Interaction with the cold axion background implies that we need to

MY = AmAAAA + M/\/\Eiww+

take into account also the diagrams that include interaction with the CAB This can be done
® ® ®

| | |
VAV VVERVVVAVE SVAVAVAVAVAVE XAVAVAVAVAVAVIE SR

and the resulting resummed propagator can fe found in [9], where we examined the evolution
of the polarization plane under the joint influence of the magnetic field and the CAB.
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The relevant parameters are b = QQG’W%;‘% and 70, where B is the magnetic field. Taking as
a reference value (just to set an approximate range of variation for b) f, > 107 GeV (this would
correspond for PQ axions to m, ~ 1 eV) and B =10 T then b < 10~ eV and Ny < 10~20eV.
However, we shall consider m, and f, (and obviously b) to be free parameters.

The relevant evolution equations are

02+ k*+m2  —ibd, 0 a 0
—1b0; 8152 + k2 nok 1A = 0 (8)
0 nok 07 +k? A, 0

We try a solution of the form: (a, ifh, Ag) =e Wz, X1, Xo):

—w? + k% +m? wb 0 T 0
wb —w2 + k2 n()k X1 = 0 (9)
0 Nok —w? 4+ k2 X5 0

Within each period of oscillation the proper frequencies are in the limit 79 < b < {mq, k}

b2 k2 b277(2)k4 N b2n§k2

2 12 2, 32
W = kTH+mL b+ — + - i (10)
P e L -
! m8 ma m2 b2
2 5 | oM
wy ~ k*+ bTa (12)
To be compared with the proper modes without magnetic field
wi = k* £ k. (13)

Note that one should not attempt to take the b — 0 limit above because we assume 79 < b.
The natural basis is now parallel and perpendicular (to the magnetic field) rather than left or
right polarization. Notice that the proper frequencies in this natural basis and in this limit
contain only even powers of 79 and hence do not change when 79 changes sign. Unlike the b =0
case both modes are in an eigenstate of energy. We do not expect momentum gaps.

Numerically for b = 1071 eV (a magnetic field of 10 T for f, = 107 GeV), 7o = 10724 eV
and k = 1 keV, the relevant terms are

wg ~ KX+ mi + b;nk;
o~ kR b;]? - n%bzli (14)
W2 o~ K24 773;;13_ (15)
The splitting between the two polarizations goes as
2 2 b2k n%mﬁ

. (16)

w2—w1~72+2
a

b2

148 Patras 2013



PHOTON PROPAGATION IN A COLD AXION CONDENSATE

The relevance of the CAB is somehow enhanced by the magnetic field and dominates for

b<mg n—/: ~ 10" "m,. (17)
The difference (16) is very small; typically it could be as “large” as 10~%eV?2. Small as this
number is, it should be remembered that Michelson-Morley type experiments can detect dif-
ferences in frequencies with 17 significant figures[11]. If so, by tuning the magnetic field one
should be able to switch in and out the effect of the CAB and perhaps “seeing” it.
There is also a change in the plane of polarization with an angle

ﬁomi
b2k

(for “large” axion masses, the actual result is more complicated). This angle could be be as
large as 1073. What this means is that the plane of polarization changes from period to period.
Of course the change is not instantaneous and a more complete description of the evolution can
be found with the help of the photon correlator derived in [9]. The evolution of the plane of
polarization with respect to the b = 0 case has a new component due to the CAB.

The rotation survives even without magnetic field and the effect is independent of the
frequency. Note that the previous result holds only for table-top experiments when the photon
can approximately be considered an eigenstate of energy, i.e. when the time-of-flight of the
photon, |z|, is smaller than 27/m,. This means |z| < 27/m, and the method could perhaps
be useful for very small axion masses.

Due to the smallness of the numbers involved it is somewhat dangerous to rely on approxi-
mate formulae - many scales play in the game. In a forthcoming paper[12] a detailed numerical
analysis will be performed.

~

(18)

4 Crossing the boundary

Let us finish with a few words on the third topic that was discussed in our presentation. This
is work done in collaboration with A. Andrianov and S. Kolevatov and it will be described very
succintly here. We refer the readers to [13] for more details.

We want to explore different possible axion backgrounds (other than the cold background
oscillating in time with period ~ 1/m,). Consider the term in the lagrangian

— L (@) Fy () Gt 0(— ¢ - o) 0 3 GuAL () F () 0(— ¢ - ), (19)
This associates a space-like boundary with a space-like vector
Gu=¢x(0,a@) |a|=1 (20)

The Lorentz invariance violating vector has been renamed from 7, to {, to avoid confusion
with the CAB case.

Although not totally realistic for astrophysical purposes, this would correspond to a region
where a linearly decreasing axion density meets the vacuum. For convenience the “wall” is
placed in the X direction at = 0. Matching on the boundary ¢ - x = 0 leads to

0(¢-x)| A-

vacuum (:I:)

— Al(xz)| =0. (21)
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Different polarizations have different dispersion relations in the axion phase

le:k‘l(): oﬂ—m?/—ki
Fip = w2 —m2 — B+ (Va? — (22)
= Jw?—m2 — K — (P - KT
that have to be matched to the usual dispersion law in the normal phase (m., is the photon
mass and need not be zero, due to plasma effects)

ki = /w2 —m2 — k7. (23)

This actually leads to a non-trivial reflection coefficient (see [13] for details). As a function of
the invariant mass of the photon M?

,m2 2 M27m2
| — M? —m2|
(M?) = J 24
’%7‘€f M27m2 2 M27m2 2 ( )
|\/ — M2+ \/ —m3|

Again, the effect seems to depend crucially on the ratio of two very small numbers: m. and 7.
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A stronger QCD in the early Universe renders the axion heavy, and thus can suppress the
isocurvature perturbations of axion dark matter, relaxing the constraint on the inflation
scale. Supersymmetry provides a natural framework for this because there is a flat direction
involving Higgs fields. Stabilized at a large value during inflation, the Higgs flat direction
leads to that the QCD interaction becomes strong at a high energy scale, making high
scale inflation scenarios compatible with axion dark matter.

1 Introduction

The Peccei-Quinn (PQ) extension of the standard model (SM) includes the axion, which pro-
vides a natural solution to the strong CP problem through spontaneously broken PQ symmetry
[1, 2]. The axion potential is generated by non-perturbative QCD instanton effects, dynamically
relaxing the CP phase in QCD. This implies that coherent oscillations of the axion are neces-
sarily induced and contribute to cold dark matter via the misalignment mechanism [2]. The
axion can thus explain both a tiny CP violation in QCD and the dark matter of the Universe.
However, the axion dark matter generally puts a strong constraint on the inflation scale be-
cause its quantum fluctuations during inflation induce isocurvature perturbations in the CMB
spectrum. If the axion is the main component of dark matter in the Universe, the observed
CMB spectrum constrains the inflation scale to be [3, 4, 5]

0.408
fa )
)

Hinp < 0.87 x 107 e
£ < 0.87 x 0GeV<1011GeV

(1)
at 95% CL, where f, is the axion decay constant. Hence high scale inflation scenarios such as
the chaotic inflation [6] are in tension with the axion dark matter.

The isocurvature constraint can be avoided if the PQ symmetry is restored during or after
inflation since the axion appears after PQ symmetry breaking [7, 8]. However, in this case, the
axion properties are constrained because topological defects such as cosmic strings and domain
walls are generated. To avoid overclosure of the Universe, the PQ sector should be such that
the domain wall number is equal to one and f, is less than about 10'® GeV. Alternatively one
can consider models where the coefficient of the axion kinetic term is larger during inflation
than present so that axion quantum fluctuations can be suppressed [7, 9, 10].

In this work, we propose another interesting way to relax the isocurvature constraint on the
inflation scale in the axion dark matter scenario. The idea is to make the QCD stronger during
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inflation so that the axion becomes heavy enough to have quantum fluctuations significantly
suppressed at superhorizon scales. A stronger QCD can be achieved when the Higgs field has a
sufficiently large value during inflation because the quarks then decouple at a high energy scale
while making the QCD coupling run faster at lower scales.

2 Suppressing axion isocurvature perturbations

The Higgs field can naturally have a large field value during inflation in the supersymmetry SM
since they compose flat directions. Let us consider a supersymmetry axion model where the
Higgs fields H,, and H; are neutral under the PQ symmetry. We are interested in the case that
the H, H, flat direction is stabilized at a large value during inflation so that the QCD confines
at a high scale. This is realized when it obtains a tachyonic mass from a Planck-suppressed
coupling with the inflaton in the Kahler potential. The Higgs flat direction can then be fixed at
a large value through the interplay between the Hubble-induced tachyonic mass and a higher
order superpotential term. We will assume that it is stabilized around or above the GUT scale,
Meaur ~ 2 x 1016 GeV.

2.1 Axion potential

Let us first examine how the axion potential is generated in the early Universe. If all the quarks
become heavier than the effective QCD scale Ay, for the flat direction fixed around Mguyr, they
can be integrated out in a supersymmetric way. The low energy theory is a pure supersymmetric
SU(3). with gauge kinetic function given by [11]

n

= (constant
frn = (constant) 52

Ny
IHS — @ hl (ZS, (2)
where S is the axion superfield, and ¢? parameterizes the H,Hy flat direction. The constant
n counts the number of PQ charged quarks when the PQ symmetry is linearly realized, and
Ny = 6 is the flavor number of the SM quarks. For Aj larger than Hiy¢, the gluino condensate
is formed during inflation, and consequently induces the non-perturbative superpotential [12]

Wap = NeA oc e 11/, 3)

with N, = 3. Here Ag denotes the condensation scale, which is equal to the QCD scale A in
the present case.

The axion potential is generated from the non-perturbative superpotential Wy, through
supersymmetry breaking with the dominant contribution from the Higgs F-term:

V = |95(AW + Wp)|? + - -+ = N HingAd cos (N“f + 90) o, (4)

where the constant ¢ determines the overall size of the Hubble-induced mass term for ¢ and is
generally order unity, and AW is the higher order superpotential term which competes with
the Hubble-induced mass term to stabilize the flat direction. The above relation holds when
the condensation scale lies in the range

Hins < Ay < fo, (5)
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where the upper bound is needed not to destabilize the saxion, while the lower bound comes from
the requirement that the gauge-mediated gluino mass associated with Higgs F-term Fy/¢ ~
cH;,¢ should be small since otherwise the gluino would decouple at a scale above Ay. Note also
that the non-perturbative superpotential does not modify significantly the potential of ¢ if

Hine s > A3, (6)

On the other hand, in the case that there are ny quarks lighter than A, they form meson
fields and are stabilized by their mass term m and the Affleck-Dine-Seiberg superpotential.
Integrating out the meson fields leads to the gluino condensation with AgN ¢ = AiN“_nf det(m).
One thus obtains the axion potential given by (4) using Ao defined this way.
From the axion potential (4) induced by the non-perturbative superpotential and supersym-
metry breaking, one finds that the axion mass is given by
5 CHingA

K
a

during inflation, where ¢ = ¢cNy/NZ2 is generally order unity.

(7)

2.2  Stronger QCD

The QCD confines at a higher scale during inflation if the quarks become heavier, which is
realized when the Higgs fields are stabilized at a large value. It is obvious that such effect is
more efficient if there exist extra colored particles that obtain larger masses during inflation.
Let us introduce Ny pairs of PQ-singlet fields that belong to 5+ 5 of SU(5) and obtain masses
from
¢2
W = <M\I, + M> LAVAS (8)

where M is an effective cut-off scale. The coupling to H, Hy (= ¢?) can make ¥ + ¥¢ heavier
during inflation for the flat direction stabilized at a large field value. Using the property that
the universal gauge coupling constant at Mgyt is g4yt ~ 0.5 in the MSSM, we find that the
QCD scale reads

Mgaur > N /9 9)

N 7
Ap ~1.3x10 GeV( My

for ¢g and M around Mgyr. Here we have taken into account the hierarchy in the SM quark
Yukawa couplings, because of which the condensation scale Ag is slightly smaller than Ay if
Ay, is larger than about 1075Mgyr. One can see that the QCD scale is about 107 GeV in the
MSSM for ¢g ~ MguT, but it is raised higher in the presence of extra colored particles which
couple to H,H,.

Let us now examine how much the QCD scale can be raised in the supersymmetric axion
model. An important constraint comes from the perturbativity condition because the gauge
coupling at Mgyt increases if one adds extra colored fields:

1 N; M 1
- 2 Z 2lm( GUT) > —, (10)
gé&ur o 8 M; 47
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where ® + ®¢ are PQ quarks which belong to 5 + 5 and obtain masses Mg ~ f, from the
superpotential term S®®°¢. The PQ quarks are added to make S couple to the QCD anomaly,
which is required to solve the strong CP problem via the PQ mechanism. However, these PQ
quarks play no role in raising the QCD scale since their masses are the same during and after
inflation. Combined with the relation (9), the above requirement places an upper bound on the
QCD scale,

f Nz /9
Ay, < 2.7 x 10" GeV ( g ) : (11)
Mgur

which is insensitive to Mg. For instance, taking f, > 10° GeV and Ng = 1, the QCD scale can
be as high as 103 GeV.

2.3 Axion isocurvature perturbations

A higher QCD scale and large axion mass during inflation provide a simple way to relax the
isocurvature constraint in the axion dark matter scenario. The axion is stabilized at the mini-
mum of the potential (4) during inflation if its mass (7) is heavier than the inflation scale:

H, 1012Gev x ¢ (Ao ’ Ja 12
inf < eV Xc ﬁ 102GeV | ° ( )

and then quantum fluctuations are highly suppressed at superhorizon scales. This shows that a
high QCD scale can relax significantly the isocurvature constraint compared to the conventional
scenario.

Log[Hins/GeV]

Log[ fa/GeV]

Figure 1: Inflation scale compatible with the axion cold dark matter.

Figure 1 shows the region where the axion isocurvature fluctuations are suppressed by a
stronger QCD leading to m, > Hi,s. Here we have taken ¢ = 1 and Ay as a free parameter.
The upper-right shaded region (yellow) is excluded by the perturbativity limit of the gauge
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interactions up to the GUT scale, while the upper-left region (gray) leads to saxion destabi-
lization as Ag < f,. The thick (thin) solid line corresponds to the upper bound on Hi,s for
Ao = fo (Ap = 0.1f,). For fixed Ag, the suppression mechanism works inside a right-angled
triangle, whose base, height, and hypotenuse come from the requirement Ag < fo, Hing > A3 /@2
with ¢9 ~ Mgur, and m, > Hius, respectively. For instance, the upper-right one with blue
dot-dashed sides is obtained for Ag = 10'* GeV. Other cases with Ag = 108, 10'°, 10'2 GeV are
also shown from left to right. For comparison, we present the conventional isocurvature bound
in the dashed red line, taking into account the anharmonic effect [13, 14].

We close this section by noting that f, appearing in the relation (12) is the axion decay con-
stant during inflation, which we have simply assumed to be the same as the present value. One
may consider the case where f, is around 10’2 GeV at present but it has a larger value during
inflation. Then the right amount of axion dark matter is obtained through the misalignment
mechanism for an initial misalignment angle of order unity, while allowing high inflation scales
around 10371 GeV.

3 Conclusions

The QCD axion not only provides a natural solution to the strong CP problem, but also can
account for the dark matter of the Universe if its isocurvature perturbations are sufficiently
suppressed to be consistent with the observation. We have shown that a stronger QCD in the
early Universe can significantly relax the isocurvature constraint on the inflation scale, making
high scale inflation models compatible with the axion dark matter. This is naturally realized
within a supersymmetric axion model. For the Higgs flat direction stabilized at a large value
during inflation, the QCD confines at a high energy scale, and consequently the axion becomes
heavy and has no sizable quantum fluctuations at superhorizon scales.
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In models of particle physics and cosmology arising from compactifications of string the-
ory, the reheating of the standard model after inflation generically proceeds through the
decay of heavy moduli. Non-vanishing branching ratios for moduli decay into axions gen-
erate axionic dark radiation which linger in the present universe as a homogeneous and
isotropic background of relativistic axions, hence called the Cosmic Axion Background
(CAB). Axion-photon conversion in magnetic fields may render the CAB visible, and we
show that the soft X-ray excess observed in galaxy clusters may provide hints for the
existence of a CAB.

1 Reheating in String Theory

A salient feature of the four-dimensional effective theories arising from compactifications of
string theory is the presence of scalar particles with feeble, Planck-mass suppressed interactions.
Such particles, or moduli, parametrize the size and shape of the compactification manifold and
determine the values of coupling constants in the four-dimensional effective theory. The scalar
potential for the moduli may arise from both perturbative and non-perturbative effects, and to
extract predictions from the theory, this potential must be minimised and meta-stable vacua
within the regime of computational control identified.

Over the past decade a number of relatively general methods to obtain controlled compactifi-
cations have been found and investigated by many authors, see e.g. [1, 2, 3] for compactifications
of type IIB, and [4] for G2 compactifications of M-theory. For compactifications with soft super-
symmetry breaking at the TeV-scale, the lightest moduli turn out to have a mass of mg =~ 10°
GeV in several moduli stabilisation scenarios [5, 6, 7].

Moreover, successful string theory models of our universe must in addition to stabilising
moduli also realise realistic particle phenomenology and provide a compelling cosmology, which
is typically assumed to include a period of inflation in the early universe. String theory models
of inflation generically lead to the displacement of moduli from their final meta-stable minimum,
and hence to oscillating moduli at the end of inflation. An oscillating scalar field red-shifts like
matter,

Pmoduli ~~ l/a(t)3 »

where a(t) denotes the Friedmann-Robertson-Walker scale factor. Thus, with time the os-
cillating moduli field will come to dominate over any initial radiation, which red-shifts like
Pradiation ™~ l/a(t)4~
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The massive moduli fields decay with a typical life-time of

M2 108 GeV\®
T ~ 87r% ~107%s (e) ,
mg mae
where mg denotes the modulus mass and Mp; denotes the reduced Planck mass. The decay
of the lightest moduli fields into visible sector particles will reheat the Standard Model to a

temperature,

3/2 3/2
m mae
Treheat ~ % ~ 0.6 GeV (67)
Mpé 106 GeV

2 Axionic dark radiation from moduli decay

String compactifications typically give rise to additional light hidden sectors to which the moduli
may couple with Mp; suppressed couplings. We here consider the theoretically well-motivated
case in which the moduli has an additional decay channel into axion-like particles (hence,
axions). Such a decay channel may arise from a Lagrangian coupling,

1 &

L=
D2MPZ

ouada,

and gives rise to axions with energy E((IO) =me/2 &~ (MPl/m<1>)1/2Treheat > Treheat 19, 10].
These axions contribute to the dark radiation of the universe, and affect the CMB spectrum and
the BBN abundances through the corresponding increase in the Hubble expansion parameter.
The amount of dark radiation is traditionally parametrized in terms of the “effective number
of neutrino species”, Neyy = 3.046 + AN, ys. For axionic dark radiation arising from the decay
® — aa, AN.5y is given by

ANeff ==

g B, <g* (Ty decoupling) ) /e
71— Ba [m (Treheat) 7

where B, denotes the branching ratio into axions, and g,(7") denotes the number of degrees of

freedom in thermal equilibrium at temperature T.
There are tentative observational hints of [ Experiment Negy

dark radiation at the 1 — 2 o level both ["CMB: WMAPY [11] 355+ 0.60

from the determination of light element abun- | CMB: Planck [12] 3.30 + 0.27

dances at BBN and from observations of the | CMB+H,: WMAP9 +H, [11] | 3.89 +0.40
CMB, as summarised in table 1. Closely fol- | CMB+H,: Planck +H) [12] 3.62 + 0.25
lowing [8], in this contribution to the Pro- | BBN+CMB: Cook et al. [13] | 3.28 +0.28
ceedings of the 9th Patras Workshop on Az- | BBN: Cook et al. [13] 3.57+0.18
ions, WIMPs and WISPs, we will entertain
the possibility of axionic dark radiation con- Table 1: Observational hints of dark radiation.
tributing to the energy density of the uni-

verse.
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2.1 The Cosmic Axion Background

As the universe expands, the axion en-
ergies redshift as E,(t) = E((Lo)a(to)/a(t)
where a(tg) denotes scale factor at the
time of decay. In the approximation
in which all moduli decay simultane-
ously at tg = 7, this results in a mono-
energetic population of relativistic ax-
ions which will remain a factor of ap-
proximately (Mpi/mg)'/? more ener-
getic than the visible sector radiation (up
to small changes in g,). In reality how-
ever, moduli decaying early will result
in axions which appear more red-shifted
than those arising from subsequent mod-
uli decays, and in [14], the non-thermal
spectrum of the present day axions was
calculated. For mge = 10% GeV, the re-
sulting axion spectrum in our present universe has a mean energy of around ES ™) ~ 200 eV,
and is shown in Figure 1. These axions constitute a homogenous and isotropic Cosmic Axion

[10°cm™2s7'ev!]

de
dE
S} =
#axions [10°7 kp(:‘3 eV']

200 400 600 800
E/eV

Figure 1: The present day CAB spectrum arising
from decay of a modulus with mg ~ 10 GeV.

Background (CAB) with a present day number density of n((lwday) ~T7-107° cm™3 and a flux
of ®°4Y) ~5.10% cn—2 L.
3 Hints of a Cosmic Axion Background

It has long been realised that axions may convert into photons in the presence of a magnetic
field [15, 16]. The axion-photon Lagrangian is given by

1 v a 0 1 1 2 2
L= _ZF‘“’F” — meF“ + iﬁuaa“a —3Mad",
where bounds from supernova constrain M > 10! GeV, and we will here consider an axion-like

particle with m?2 a~ 0. The probability for an axion traveling through a perpendicular magnetic
field with coherence length L and field strength B to convert into a photon is given by [17],

A
12(26) sin?
P(a — ~) = sin“(20) sin (COSZQ) ,

2
2Bw A = mepslL
S =
Mmeff’ 4w

n 1/2 n
Wyl = (47ra > =1.2-10"" -

where tan 20 =

2 _ .2 2 :
s Mgpp = Mg — Wy, Wyl 1S the plasma frequency,

e oy
Me 10-3cm—3

and w denotes the photon energy. Though not crucial for our analysis, we note that in the
small-angle approximation § < 1 and A < 1, the conversion probability is simply given by

1 (BL\?
P(a—>fy)z4<M) .
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Thus, a CAB may possibly be detectable as photons in the extreme ultraviolet (EUV) or
soft X-ray spectrum through conversion in a magnetic field. Galaxy clusters support magnetic
fields of uG strength which are coherent over several kpc, and thus provide a natural place to
search for photons from axion-photon conversion of the CAB.

In fact, a soft X-ray excess above the emission from the hot (~ 8 keV) intracluster medium
has been observed by a number of experiments in a large number of galaxy clusters since 1996
[18], for a review see [19]. For example, the observed excess luminosity from the central 0.5
Mpec region of the nearby Coma cluster is Lops.cxcess =~ 10%2 erg s~

From observations of Faraday rotation of polarised sources in and behind Coma, it has been
argued that the typical size of the cluster magnetic field is O(B) = 1 — 10 uG with coherence
lengths ranging from 2 kpc to around 30 kpc [20].

The expected luminosity from axion-photon conversion of the CAB arising from a cylindrical
volume of radius 0.5 Mpc and depth 3 Mpc along the line of sight may then easily be estimated

as,
AN, B 108 GeV\’/ L
Lo ~ 1.7-10%2 e/f .
- x ( 057 ) \2uG M 1 kpe

Thus, the observed soft X-ray excess appears to easily be accommodated by axion-photon
conversion in the cluster magnetic field. This conclusion holds also away from the small-angle
approximation, as shown in [8]. A more detailed study of the morphology of the expected excess
flux from the Coma cluster will appear in future publications.

This scenario makes several additional predictions. As the CAB is uniformly distributed,
the produced luminosity is determined only by the magnetic field and the electron density, and
is independent of the cluster temperature or matter distribution. The model predicts that the
soft excess should be largest in cluster regions with large magnetic fields and small electron
densities, and its spatial extent should be coterminous with the magnetic field. Furthermore,
since the production of the soft excess is non-thermal, it should not be possible to associate
any thermal emission lines to the soft excess. Moreover, the CAB axions are redshifting, and
used to be more energetic by (1 + z) and more dense by (1 + z)3. It is then a prediction that
the energy scale of the soft excess should grow as (1 + z) and, if other aspects of cluster physics
are identical, the overall energy in the soft excess should grow as (1 + z)*.

In sum, axionic dark radiation constitute a well-motivated extension of standard cosmology,
and some of the best studied string theory models predict a present day primordial background
of relativistic axions with energies in the E, ~ 0.1 — 1 keV range. This CAB may be detected
through axion-photon conversions in magnetic fields, and may in fact already be visible through
the long standing soft excess in galaxy clusters.
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This proceedings contribution reports from the workshop Dark Matter - a light move, held
at DESY Hamburg in June 2013. Dark Matter particle candidates span a huge parameter
range. In particular, well motivated candidates exist also in the sub-eV mass region, for
example the axion. Whilst a plethora of setups searches for rather heavy Dark Matter
particles, to this date only very few experiments aimed at direct detection of sub-eV Dark
Matter exist. The aim of our workshop was to discuss if and how this could be changed in
the near future.

1 Introduction and light Dark Matter theory

The standard model of particle physics (SM) has passed its last test with the recent discovery
of the Higgs boson, but it is still incomplete as a full theory of nature. The most urgent claim
of physics beyond the SM is the existence of non-baryonic dark matter (DM) in the Universe,
most likely new particles whose nature we have failed to unveil so far. Extensions of the SM
originally proposed to convert it in a more natural choice among conceivable theories, suggest
a few DM candidates: weakly-interacting massive particles (WIMPs) or the axion, among the
best motivated. To date, a major part of the community hopes for direct detection of DM in
experiments aiming to record the recoil energy of nuclei after scattering with DM particles.
This strategy is optimal for WIMPs with masses = 100 GeV but leaves out very light DM
candidates such as the axion, searched for by just one experiment (of a very different nature):
ADMX. While there are great chances of discovering WIMPs in the near future, ADMX can
only cover a part of all the viable axion DM parameter space. Moreover, axions are just an
example of a broad class of particles, weakly-interacting slim particles (WISPs), that share
most of their phenomenology [1]. In particular, WISPs are excellent DM candidates [2]. New
experiments have been proposed to search for WISPy DM [3-7], sometimes sensitive to more
than one type of DM candidate at a time, e.g. axion-like particles and hidden photons. These
novel experiments can explore decades of pristine DM parameter space and pave the road to
boost the sensitivity of ADMX-like experiments looking for axions in unexplored parameter
regions.

The workshop ‘Dark Matter — a light move’ took place at DESY Hamburg at June 17th-
18th [8] with the purpose of fostering new direct detection experiments looking for axions and
other WISPs. The gathering was a blend of theorists and experimentalists expected to team
up in selecting the most promising regions of parameter space and realistic set-ups that can
cover them. The expertise of the audience was chosen to focus on exploiting the couplings of

Patras 2013 165



B. DOBRICH, J. REDONDO

WISPs to photons, which present several advantages. At the theoretical level, WISPs appear in
well motivated field and string-theory extensions of the SM [9]. Axions and axion-like particles
(ALPs) appear as pseudo-Nambu-Goldstone bosons of spontaneously broken global symmetries
at high energy scales and as imaginary parts of moduli fields in string-theoretic theories or in
general in theories where the sizes of gauge couplings are set by the vacuum expectation value
of new fields. Their coupling to photons is of the well-known kind

Lo= -2 p, (1)

27Tf¢ n ’

where ¢ is the axion(ALP), fs a symmetry breaking energy scale and F),,, the electromagnetic
tensor. The mass of axions(ALPs) depends upon terms that explicitly break the global sym-
metries. For the axion we have m, = 6 meV(10° GeV/f,) while for ALPs such a relation is
much more model dependent. Hidden photons (HPs) appear also in field and string-theoretic
extensions [10]. Their main interaction with photons is through kinetic mixing

X v
L, = _§FWB“ , (2)

where B*¥ the HP field-strength and x is the kinetic mixing, with typical values in the 10712 ~
103 range. WISPy cold dark matter can be produced in the early Universe by a variety of
mechanisms. The most relevant are the misalignment mechanism and the decay of topological
defects. The regions of mass-coupling parameter space where the full DM can be accounted
for the different cases were summarized in the workshop and is shown in figs. 1 and 2. The
most important constraints on WISPy DM come from: non-observation of WISP DM decay,
absorption of WISP DM in the early universe plasma and indirect effects on stellar cooling (non-
DM WISP emission), from refs. [10,11] which we have shadowed in black in the figures. A DM
WISP background imprints generically isocurvature anisotropies (generated during inflation) in
the cosmic microwave background which have not been observed, imposing strong constraints
in WISP DM models and the parameters of inflation [12]. Finally, the WISPy DM paradigm
could be particularly well tested because WISPs can form a Bose-Einstein condensate [13] and
thus lead to the formation of peculiar caustics in galaxies [14], which could have already been
observed [15].

2 Detecting WISPy DM

DM axions(ALPs) mix with photons in a background magnetic field (strength B) with an angle

6= g;i;f (generic ALP) ; xo,= % ~ 10715 <IOBT> Coy (axions); (3)
with Cy, ~ O(1), while for HPs the angle is simply x. The local density of DM, 0.3 GeV /cm?
implies an electric field |E| ~ 2.3 x x kV/m and it holds for the DM mass m, and its frequency,
f = 240MHz x (m/ueV). The E-field carried by the DM WISP drives reflected waves from
mirrors, emitted perpendicularly to the surface to a large degree due to the spatial coherence
of DM waves [6]. The simplest experiment to concentrate this radiation is a spherical dish with
a detector at its center, getting a radiated power per dish area ~ Y%|E|> = 1.4 x 10*y? W
and ~ 107%7(B/10 T)*CZ, W for axions (note that for axions and HPs, the radiated power is
independent of the mass).
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The emitted power can be amplified in a resonant cavity up to a factor of 10° (the width of
the DM energy distribution) but since the WISP mass is unknown, one is forced to scan over
frequencies in search for the tiny signal [16]. ADMX [17] is nowadays the only haloscope [18]
of this kind. It employs a cylindrical cavity tunable with internal rods inside a 8T solenoid. Its
dimensions (1 m long, 0.5 m diameter) set its lowest resonant frequency 0.48 GHz (m = 2 ueV).
ADMX has already taken data in the 2 — 3.6ueV mass range with a low-noise SQUID amplifier
reaching a system temperature Ts ~ 3K. Cooling with a dilution refrigerator is planed to
achieve Tg ~ 200uK, which will be used to scan over masses with unprecedented sensitivity
(ADMX-II). The first two cavity harmonics will be scanned in parallel, masses 2—9ueV. R&D is
taking place at Yale U. to produce haloscopes sensitive at higher masses (to cover the Scenario-
I, see fig. 1 left hand panel) using superconducting hybrid cavities and Josephson parametric
amplifiers working below the quantum limit (ADMX-HF). A first setup will take data in the
4-8 GHz range (17 — 33ueV) and new designs are being pushed with the ambition to cover up
to 20 GHz. These prospects are shown in figs. 1 & 2 as green regions, IAXO is elaborated in
the next section.
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Figure 1: Parameter space for axions (left), ALPs (right) where they can account for the cold DM of
the Universe together with excluded regions and the forecasts of ADMX and IAXO [19].

3 New experiments

Listening at the workshop to the future plans of ADMX, it was quickly realized that rather than
competing with ADMX in the 2-10 peV mass range search for axions, the community would
benefit of complementing it at different mass ranges and developing new approaches such as the
dish-antenna experiment. First efforts in the first direction have started with WISPDMX [20],
a cavity experiment [16] based on a HERA proton accelerator cavity. Two modes at 208 and
437.3 MHz (~ 0.9 and 1.8 peV mass) will be recorded simultaneously with a tunning range
~ 2% provided by 5 plungers. A HP run is foreseen next year and magnet options for an
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axion(ALP) search at DESY or CERN were discussed. At the latter facility, the considerable
experience in microwave light-shining through a wall setups [21] could be used to boost the
sensitivity and tuning range.

An exciting opportunity to look for WISP DM could also arise with IAXO, see [19]. IAXO’s
main purpose is detecting the solar axion flux, but the required toroidal magnet could host
one or several long-cavity experiments or dish-antenna searches. The intense B-field (up to 5
T), the gigantic volume (8 cylindrical bores 20 m long and 0.6 m diameter) and the already
implemented cryogenics are very desirable for DM searches. A long rectangular cavity (up to
20 m long and 0.42 m wide) can be fit into one bore and scan masses above 1.5 peV in the spirit
of ref. [3]. Tuning strategies are under discussion. As a pathfinder experiment, it was proposed
to install such a wave-guide in the HERA dipole used by the ALPS experiment for its light-
shining-through walls experiment!, aiming at higher masses (~ 20 peV). Such an experiment is
under discussion. Among the workshop participants, expertise in cavity construction, tuning,
operation and signal detection was quickly put forward.

A good amendment to the cavity option could be a broadband dish search [6], see also the
next section. A good deal of the workshop addressed the possible detector options for this
undertaking.

4 A little workshop aftermath

In addition to WISPDMX at DESY, a small
collaboration has formed from workshop par-
ticipants to realize the first dish-antenna ex-
periment searching for HP (and eventually Excluded
ALP) DM. It will be a proof-of principle ex-
periment: quick and cheap but having still >
an acceptable reach in the WISP Dark Mat- &
ter parameter space. For this goal, we have
successfully applied for additional support
from the Helmholtz Alliance for Astroparti-
cle Physics.
The most promising range for such a setup
is the mm-wavelength regime (meV mass).
The unexplored allowed parameter range for
HP DM starts at rather large couplings x ~
10~° whilst for the ALP DM, available detec- Figure 2: Parameter space for HPs wl}ere they can
e e .. . account for the cold DM of the Universe. Also
tor sensitivities are promising to tackle viable .
. shown are excluded regions and the forecasts of
parameter range. However, good detectors in  x pyix o1d TAXO.
the millimeter range are costly and less sen-
sitive than in the optical regime. Due to this
fact, and due to the fact that the collaborators of this project are highly experienced in optical
techniques, the dish/mirror Dark Matter search will be performed in the optical regime. With
available equipment, eV photons down to x ~ 1072 should be accessible.

B L L e e e

logm[eV]

IFor the HERA magnet at the magnet test-bench, the cavity option would profit from the fact that the
beam-pipe was straightened for the future second ALPS setup [22].
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For the search for ALPs, the mirror setup will be embedded in a magnetic field. The un-
probed parameter range for ALPs in the optical regime is even harder to tackle than for HPs.
However, running the envisaged setup also in a magnet environment (superconducting solenoids
with large bore are in principle available at DESY) will yield insight in the experimental compli-
cations arising from this demand and eventually pave the way for a dedicated ALP DM search
in the mm-wavelength regime.

In summary, there are many experimental options available to check the sub-eV range for
Dark Matter — we look forward to see more such options realized and to eventual findings that
could solve the Dark Matter puzzle.
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The Axion Dark Matter eXperiment (ADMX) searches for axions as part of the halo of
our galaxy. These axions have a mass in the range 1-10 peV and convert to photons in
a microwave cavity permeated by a strong magnetic field. ADMX recently incorporated
low-noise SQUID amplifiers into the experiment and at present is being upgraded with a
dilution refrigerator, permitting operation with noise temperatures of 100-200 mK.

Our understanding of the energy and matter composition of the universe has undergone a
revolution in recent years.[1-3] The picture has evolved from a universe dominated by protons,
neutrons, and electrons to one where dark matter and dark energy dominate the mass-energy
budget. The dark matter is convincingly constrained to be non-baryonic and cold. There are
three widely discussed candidates for the dark matter: sterile neutrinos, weakly interacting
massive particles (WIMPs), and axions. This paper describes the results and plans for a search
for axions: the Axion Dark-Matter eXperiment (ADMX).

A discovery of the axion, or placing unambiguous limits on its existence, would have profound
implications for the dark matter problem. Either result would also impact a second important
problem in contemporary physics: the origin of parity P and the product of charge conjugation
with parity CP symmetry in the strong interactions.[4, 5] The axion is thus motivated by and
has the potential to solve two rather important issues in particle physics and astrophysics.
Moreover, the fact that the LHC has not produced evidence for supersymmetric particles[6]
makes the case for WIMP dark matter more difficult to muster.[7] In contrast, the case for
axions remains as strong as ever.[8, 9] The most plausible mass for the axion is in the 1-1000 peV
range. At the low end of this window axions provide the dark matter.[10-14]

ADMX searches for axions that constitute the dark-matter halo of our galaxy. Many obser-
vations imply the existence of large halos of non-luminous matter surrounding galaxies.[15, 16]
ADMX exploits the fact that axions may be stimulated to convert into microwave photons in
a high Q cavity permeated by a large magnetic field. This detection method was proposed
thirty years ago[17] and was developed during pilot experiments [18,19] ADMX was initially
located at the Lawrence Livermore National Laboratory (LLNL) but recently relocated to the
University of Washington, Seattle. This axion detector,[8, 20, 21] which improved the sensitivity
over the pilot detectors by at least a factor of 400, consists of a large superconducting magnet
containing one or more microwave cavities. Axions which overlap the high-field region will be
stimulated to decay into microwave photons when the resonant frequency of the cavity equals
the mass of the axion. An ultra-sensitive microwave receiver, using superconducting electronics
in its front end,[21] amplifies the cavity signal to a point where spectral analysis can search
for signatures of axion—photon emission. Over the past few years, the detector has scanned
the 1.9-3.6 peV axion mass range with a sensitivity capable of a detection if the axion-photon
coupling is near the upper end of theoretical predictions.
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In 2003, the DOE approved Phase I of an upgrade to ADMX to give an additional improve-
ment to the sensitivity: incorporation of SQUID amplifiers into the front end of the receiver.
This upgrade is based on a remarkable breakthrough in making DC SQUIDs operate as high-
gain, low-noise amplifiers up to GHz frequencies.[22] Phase I retrofitted the experiment to
operate with SQUID amplifiers at a physical temperature of 7'~ 1.5 K. In this case the system
background temperature is dominated by the physical temperature, Ts ~ 2 K. The Phase 1
construction and commissioning ended in 2008 and was followed by a year-long science data
run using the SQUID amplifiers.[23]

Phase II has recently begun as a second-generation dark matter detector. Our incremental
approach will continue with the installation of a 3He refrigerator (to cool to 400 mK) and a
science run at a sensitivity required to detect weakly-coupled axions. Next, a high-circulation-
rate dilution refrigerator will be added to the detector, reducing the physical temperature to
T ~ 100 mK. The system noise temperature is then expected to be below 200 mK. The upgrade
will improve system noise performance to such an extent that ADMX will be sensitive to—or
be able to rule out—axions as a component of the halo of our galaxy with all plausible coupling
strengths over the same mass range as the original detector (~ 1 — —10 peV) and at the same
time to be able to scan the mass range 2-3 times more rapidly than in the past.

The axion arises in particle theory from a mechanism introduced by Peccei and Quinn
(PQ)[4] to ensure that the strong interactions conserve P and C'P in spite of the fact that the
standard model as a whole violates those symmetries. No violation has been observed; the upper
limit on the neutron electric dipole moment requires fine tuning to 1 part in 10°, resulting in the
“strong C'P problem.” The light, pseudo-scalar particle which necessarily results from the PQ
mechanism is the axion.[5] Particle theory leaves the value of the axion mass, m,, arbitrary.
All of the couplings of the axion are proportional to m,, so that a very light axion is also
very weakly coupled to other particles and fields.[24, 25] However, astrophysical/cosmological
considerations and laboratory searches do constrain these quantities. The constraints from
SN1987a[13] and from searches for the axion in high-energy and nuclear physics experiments[26]
rule out mq > 1072 eV. In addition, cosmology places a lower limit on m, of order 107¢ eV by
requiring that axions do not overclose the universe.[10-12]

Axions are non-relativistic from the moment of their production during the QCD phase
transition, making them cold dark matter (CDM). Studies of the cosmic microwave background
anisotropy and of large-scale structure formation strongly imply that the dominant fraction of
the energy density of the universe is in cold dark matter. There is good reason to believe also
that CDM (either axions or WIMPs) is the constituent matter of galactic halos.[27]

There are large uncertainties in the relationship between , and m,. Assuming standard
concordance cosmology and that inflation happens before the PQ phase transition, the most
likely value of the axion mass for which €, = 0.23 is 1.5 x 10~® eV. This estimate includes
the contributions from vacuum realignment, string decay, and wall decay. If inflation happens
after the PQ phase transition, the most likely value of the axion mass for which Q, = 0.23 is
ma ~ 3 x 1076 V. In this case there is no contribution from string or wall decay, but only a
vacuum realignment contribution.

Superstring theories generally predict the existence of axion-like particles, one of which
would be the QCD axion discussed here. Many superstring theories prefer lighter axions, in
the neV range or smaller, although Witten and Svrcek[28] have shown that in some superstring
theories the axion mass can be larger than this.

A number of years ago, Ipser and Sikivie[29] discussed the extent to which the phase-space
distribution of cold dark matter particles is thermalized in a galactic halo and concluded that
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many dark matter particles are in distinct flows, with each of these flows producing a peak in
the local velocity distribution. Figure 1 shows a cartoon of infalling dark matter. The cold
dark matter particles fall from the surrounding space into the galaxy. Those falling into the
galaxy for the first time reach the detector with a specific velocity vector and give a narrow
peak in the detector response. Other peaks that would be observed are due to particles falling
out of the galaxy for the first time, particles falling into the galaxy for the second time, etc.
The peaks due to particles that have fallen in and out of the galaxy a large number of times
in the past are washed out because of scattering in the gravitational wells of stars, globular
clusters and large molecular clouds. But the peaks due to particles which have fallen in and
out of the galaxy only a small number of times in the past are not washed out.

Figure 1: Infall of dark matter into the galaxy. Particles falling in for the first time arrive at
the Earth with a well-defined velocity.

If the fraction of the local dark matter density which is in these velocity peaks is sufficiently
large, a direct dark matter search may be made more sensitive by having it look specifically for
sharp peaks in the energy spectrum. Moreover, it has been pointed out[30] that one or more
peaks may be further enhanced because the sun lies close to a caustic ring in the dark matter
distribution. In a fit[31] of caustic rings to the galactic rotation curve, it is found that the
local density is dominated by a single flow, called the “Big Flow.” ADMX has incorporated a
high-resolution spectrometer to search for such fine structure in the energy spectrum of axion
dark matter.

It was shown recently[32] that cold dark-matter axions must form a Bose-Einstein condensate
as a result of their gravitational self-interactions when the photon temperature is of order 500
eV. This result has produced an argument that at least part of the dark matter is axions. The
argument has three steps. First, axions behave differently from other dark-matter candidates
because a rethermalizing axion BEC tracks the lowest-energy available state. Second, there is a
tool to distinguish a BEC from other forms of dark matter on the band of observation, namely
the study of the axion caustics of galactic halos. Third, the observational evidence for caustic
rings of dark matter is consistent in every aspect with axion BEC, but not with other forms of
dark matter.[33]

The ADMX detector is meter-scale cylindrical electromagnetic cavity permeated by a ~ 8 T
static magnetic field EO. On resonance halo axions can convert to quanta of excitation (photons)
of that cavity mode. Only the TM,,s9 modes couple in the limit where the cavity is much
smaller than the de Broglie wavelength. The signal is proportional to g, the coupling strength
of the axion to two photons. The value g, = 0.36 is predicted by the Dine-Fischler-Srednicki-
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Zhitnitskii (DFSZ) model.[24] In all other models that have been put forth, the magnitude of g,
is predicted to be larger than 0.36. For example, g, = —0.97 in the Kim-Shifman-Vainshtein-
Zakharov (KSVZ) model.[25]

Modes that can be used for the search are those with form factors C,e # 0, those for
which the integral of E - By is finite. Cyo is 0.69 for the lowest (TMp10) mode and 0.12 for
the next (TMggo) mode. This decrease in form factor is partially offset by the higher power
emitted at the 2.3x higher frequency of the TMgyy mode, making the ratio of signal powers
POQO/POl() =0.41.

The signal to noise ratio (and search rate) is determined by a thermal and technical back-
ground, described by T,,, the sum of the physical temperature of the cavity plus the excess-noise
temperature of the microwave receiver. The search rate goes 1/72 and both background and
technical noise are found[21, 23] to be linear in the physical temperature T', with T,, = 2T.

Calibrations Directional i Image

Goupler § Reject  10.7 MHz
O A SQUID  HFETs| Mixer IF 35 kHz
™S : R AF | 125 Hz Bin
—— > i na
. 0.04Hz Bin I
FT

T
Antenna‘ 7
F

2K | 300K
Magnet :

B

=]

Cavity and Tuning Rods
Figure 2: Schematic diagram of the axion detector.

The Axion Dark-Matter eXperiment (ADMX) experiment[20] has placed meaningful limits
on axion couplings and densities.[34-39] Figure 2 is a schematic diagram of the axion detector
in its present configuration.[21, 23] The magnet is a superconducting solenoid with 7.6 T central
field. The cylindrical cavity (50 cm diameter, 100 cm length) has a resonant frequency tunable
over 460-860 MHz. The cavity is tuned by moving metallic tuning rods, which run the full
length of the cavity, between the wall and center. Initially, the first-stage preamplifiers in the
receiver were balanced GaAs high electron mobility transistor (HEMT) with noise temperature
T, ~ 2.5 K. These have been replaced by SQUID amplifiers in the phase I upgrade of the
experiment.

The preamplifiers are followed by additional amplification, after which the signal is converted
to the 10.7 MHz intermediate frequency by an image-rejection mixer. An 8-pole crystal filter
sets the 30 kHz measurement bandwidth and prevents image power from entering the second
mixing stage. The signal is then mixed down a second time, in effect shifting the cavity resonant
frequency to 35 kHz. A commercial FFT spectrum analyzer then generates the “medium-
resolution” power spectrum, an average of 10* spectra at 125 Hz resolution. This resolution is
well-matched to a search for the Maxwellian component of the halo, which should be about 6
channels wide.

The analog signal is also processed by a second “high resolution” data analysis channel.
There is no averaging; instead, a commercial ADC/DSP PC board acquires and computes one
2,500,000 point, 0.04 Hz/point power spectrum. The resolution is well matched to a search for
fine structure having fractional width ~ 0(10~!!) or less in the power spectrum.

The Phase I upgrade installed superconducting quantum interference device (SQUID) am-
plifiers[22] as the front end of the receiver. Phase I construction and commissioning took place
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over 2004-2007, with first cooldown of the insert in fall 2007 and completion of commissioning
in early 2008. The Phase I data run scanned the 3.3-3.5 peV range.[23] It demonstrated that
SQUID amplifiers can be produced which (with proper magnetic shielding) function in the high
magnetic field environment of the experiment. In addition, the amplifiers can be coupled to
the axion cavity, provide adequate gain so that the system noise is the physical noise from the
cavity in series with the modest noise from the amplifiers themselves, and can deliver the signal
to an automated data acquisition system.

Phase II has recently begun. It will upgrade the cryogenics with (first) a *He refrigerator
(reducing the physical temperature to ~ 400 mK) and then with a dilution refrigerator, (reach-
ing ~ 100 mK). We expect total background (system) noise temperatures to be 50-100% higher
than the physical temperature. In addition to reducing the physical and noise temperatures,
Phase II will add a receiver second channel to search the TMgyo in parallel with the TMgiq
mode. Both modes tune in a similar way as the tuning rods are moved. Using metal tuning
rods, the collaboration estimates that we will be able to search for axions in the 1.7-3.7 ueV
(400-900 MHz) using the TMy1p mode while at the same time scanning 3.7-8.7 peV (900-2100
MHz) with the TMggo mode. The higher frequency search is expected to exceed the sensitivity
required to detect DFSZ axions[24] by a small amount; the lower frequency search will exceed
this limit by nearly an order of magnitude.

Figure 3 shows the axion couplings and masses excluded at the 90% confidence level by
ADMX at the end of the Phase I data run.[23] The inset shows the results of earlier experiments.
[34-37] The plot in the right panel shows the axion-to-photon coupling g,y as a function of
the axion mass m, = hf/c?. ADMX is the first experiment to exclude a realistic axion model:
KSV7Z axions of mass between 1.9 and 3.55 peV. If a significant fraction of halo axions are
distributed in a few narrow peaks, weaker axion two-photon couplings are excluded.[38-40]
(left panel).
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Figure 3: a) Axion couplings and masses excluded at the 90% confidence level by the experiment.
The R.F. frequency range is 460-860 MHz. (b) Axion density limits for axions with velocity
dispersion less than 3 x 10~ %¢ from 812 MHz to 892.8 MHz. The scale for predictions of the
KSVZ and DFSZ models are shown on the left and right axes, respectively. The limit is below
the KSVZ prediction. Density limits for the medium resolution channel (for axions with velocity
dispersion less than 2 x 10~*¢) are also shown.
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The DAMA /LIBRA experiment (about 250 kg of highly radiopure Nal(T1)) is in operation
at the Gran Sasso National Laboratory of the INFN. The main aim of the experiment is
to further investigate the Dark Matter (DM) particles in the Galactic halo by exploiting
the model independent DM annual modulation signature. At the time of this Workshop,
the DAMA /LIBRA experiment and the former DAMA /Nal one (the first generation ex-
periment having an exposed mass of about 100 kg) have released results corresponding
to a total exposure of 1.17 ton X yr over 13 annual cycles; they have provided a model
independent evidence of the presence of DM particles in the galactic halo at 8.9 ¢ C.L..
The results of a further annual cycle, concluding the DAMA /LIBRA—phasel, have been
released after this Workshop and are not included here. After the upgrade at fall 2010
when all the PMTs have been replaced with new ones having higher quantum efficiency,
the feasibility to decrease the software energy threshold has been demonstrated and the
set-up is running in this new configuration, named DAMA /LIBRA-phase2.

1 The DAMA/LIBRA results

The DAMA project develops and uses low background scintillators. It consists of the following
experimental set-ups: i) DAMA /Nal (~ 100 kg of highly radiopure NaI(T1)) that took data for
7 annual cycles and completed its data taking on July 2002 [1, 2, 3, 4, 5, 6]; ii) DAMA /LXe,
~ 6.5 kg liquid Kr-free Xenon enriched either in 129Xe or in ¥%Xe [7]; iii)) DAMA/R&D, a
facility dedicated to tests on prototypes and to perform experiments developing and using var-
ious kinds of low background crystal scintillators in order to investigate various rare processes
[8]; iv) DAMA/Ge, where sample measurements and measurements dedicated to the investi-
gation of several rare processes are carried out as well as in the LNGS STELLA facility [9];
v) DAMA/CRYS, a new small set-up to test prototype detectors; vi) the second generation
DAMA /LIBRA set-up, ~ 250 kg highly radiopure NaI(T1)) [10, 11, 12, 13, 14, 15, 16, 17, 18].
Many rare processes have also been studied with these set-ups obtaining competitive results.
In particular, the DAMA /LIBRA set-up is mainly investigating the presence of DM particles
in the galactic halo by exploiting the model independent DM annual modulation signature,
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originally suggested in [19]. As a consequence of the annual revolution of the Earth around
the Sun, moving in the Galaxy, our planet should be crossed by a larger flux of DM particles
around ~ June 2% (when the Earth orbital velocity has the same versus of the Sun velocity with
respect to the Galaxy) and by a smaller one around ~ December 2"¢ (when the two velocities are
opposite). Thus, this signature depends on the composition of the Earth and Sun velocitites and
it is not correlated with seasons. This DM annual modulation signature is very distinctive since
the effect induced by DM particles must simultaneously satisfy all the following requirements:
(1) the rate must contain a component modulated according to a cosine function; (2) with one
year period; (3) with a phase that peaks roughly around ~ June 2"?; (4) modulation must be
present only in a well-defined low energy range, where DM particles can induce signals; (5) it
must be present only in those events where just a single detector, among all the available ones
in the used set-up, actually “fires” (single-hit events), since the probability that DM particles
experience multiple interactions is negligible; (6) the modulation amplitude in the region of
maximal sensitivity has to be less about 7% in case of usually adopted halo distributions, but
it may be significantly larger in case of some particular scenarios. No systematic effects or
side reactions able to simultaneously fulfil all the mentioned requirements have been found
or suggested by anyone over more than a decade. At present status of technology it is the
only model independent signature which can effectively be exploited by direct Dark Matter
investigation. The ULB Nal(T1) are suitable detectors to investigate this signature thanks to
its very good sensitivity to many DM candidates and interaction types.

The description and the performances of the DAMA/LIBRA set-up are given in Ref. [10],
where the procedures followed in the data taking are also described.

The DAMA /LIBRA data released at time of this Workshop correspond to six annual cycles
for an exposure of 0.87 tonxyr [10, 11, 12]. Considering these data together with those previ-
ously collected by DAMA /Nal over 7 annual cycles (0.29 tonxyr), the total exposure collected
over 13 annual cycles is 1.17 tonxyr; this is orders of magnitude larger than the exposures
typically collected in the field.

Several independent analyses on the model-independent DM annual modulation signature
have been performed [11, 12]. In particular, Fig. 1 shows the time behaviour of the exper-
imental residual rates of the single-hit scintillation events collected by DAMA /Nal and by
DAMA /LIBRA in the (2-6) keV energy interval [11, 12]. The superimposed curve is the cos-
inusoidal function: Acosw(t — tp) with a period T = %” = 1 yr, with a phase tg = 152.5 day
(June 2"9), and modulation amplitude, A, obtained by best fit over the 13 annual cycles. The
hypothesis of absence of modulation in the data can be discarded [11, 12] and, when the period
and the phase are released in the fit, values well compatible with those expected for a DM par-
ticle induced effect are obtained [12]. In particular, in the cumulative (2-6) keV energy interval
one gets: A = (0.0116 & 0.0013) cpd/kg/keV, T' = (0.999 + 0.002) yr and t; = (146 £ 7) day.
Thus, the analysis of the single-hit residual rate favours the presence of a modulated cosine-like
behaviour with proper features at 8.9 ¢ C.L.[12].

The same data of Fig. 1 have also been investigated by a Fourier analysis, obtaining a
clear peak corresponding to a period of 1 year [12, 13]; this analysis in other energy regions
shows only aliasing peaks instead. It is worth noting that for this analysis the original formulas
in Ref. [20] have been slightly modified in order to take into account for the different time
binning and the residuals errors (see e.g. Ref. [13]). In particular, DAMA has always shown
the power spectrum up to the Nyquist frequency of the given residuals, which is ~ 3 y~1.
Only recently [13] the power spectrum above 3 y~1 (up to 22 y~!) has been shown in order to
demonstrate that — as expected — no significant peak is present above the Nyquist frequency.
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation events,
measured by DAMA /Nal over seven and by DAMA/LIBRA over six annual cycles in the (2
— 6) keV energy interval as a function of the time [5, 11, 12, 13]. The zero of the time scale
is January 1%¢ of the first year of data taking. The experimental points present the errors as
vertical bars and the associated time bin width as horizontal bars. The superimposed curve is
Acosw(t — tp) with period T = 27” = 1 yr, phase ¢ty = 152.5 day (June 2"?) and modulation
amplitude, A, equal to the central value obtained by best fit over the whole data. The dashed
vertical lines correspond to the maximum expected for the DM signal (June 2"¢), while the
dotted vertical lines correspond to the minimum. See Ref. [11, 12, 13], references therein and
text.

For completeness, we recall that long term modulation, with period higher than one year, has
also been excluded by a different dedicated analysis reported e.g. in Refs. [13, 17].

In order to verify absence of annual modulation in other energy regions and, thus, to also
verify the absence of any significant background modulation, the energy distribution in energy
regions not of interest for DM detection has also been investigated. This has allowed the
exclusion of a background modulation in the whole energy spectrum at a level much lower than
the effect found in the lowest energy region for the single-hit scintillation events [12, 13].

A further relevant investigation has been performed by applying to the multiple-hits scin-
tillation events (in which more than one detector “fires”) the same hardware and software
procedures used to acquire and to analyse the single-hit residual rate. In fact, since the prob-
ability that a DM particle interacts in more than one detector is negligible, a DM signal can
be present just in the single-hit residual rate. Thus, this allows the study of the background
behaviour in the same energy interval of the observed positive effect. A clear modulation is
present in the single-hit scintillation events, while the fitted modulation amplitudes for the
multiple-hits residual rate are well compatible with zero [12]. Similar results were previously
obtained also for the DAMA /Nal case [5].

The annual modulation present at low energy has also been analyzed by depicting the
differential modulation amplitudes, S,,, as a function of the energy [12]; in this case a maximum
likelihood of the single-hit scintillation events is carried out considering T'= 1 yr and tg = 152.5
day. The measured S, values as function of the energy are given in Fig. 2.

It can be inferred that a positive signal is present in the (2-6) keV energy interval, while S,,
values compatible with zero are present just above. It has also been verified that the measured
modulation amplitudes are statistically well distributed in all the crystals, in all the annual
cycles and energy bins; these and other discussions can be found in Ref. [12, 13].

Many other analyses and discussions can be found in Refs. [11, 12, 13] and references
therein. Both the data of DAMA /LIBRA and of DAMA /Nal fulfil all the requirements of the
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Figure 2: Energy distribution of the modulation amplitudes S, for the total cumulative expo-
sure 1.17 tonxyr. The energy bin is 0.5 keV. A clear modulation is present in the lowest energy
region, while S, values compatible with zero are present just above. In fact, the 5, values in
the (6-20) keV energy interval have random fluctuations around zero with x? equal to 27.5 for
28 degrees of freedom. See Ref. [11, 12, 13].

DM annual modulation signature.

Careful investigations on absence of any significant systematics or side reaction have been
quantitatively carried out (see e.g. Ref. [5, 3, 10, 11, 12, 17, 13, 21, 22, 23, 24, 25, 26, 27],
and references therein). No systematics or side reactions able to mimic the signature (that
is, able to account for the measured modulation amplitude and simultaneously satisfy all the
requirements of the signature) has been found or suggested by anyone over more than a decade.

In conclusion, the model-independent DAMA results have given evidence at 8.9 ¢ C.L. over
13 independent annual cycles for the presence of DM particles in the galactic halo.

The obtained DAMA model independent evidence is compatible with a wide set of scenar-
ios regarding the nature of the DM candidate and related astrophysical, nuclear and particle
Physics. For examples some given scenarios and parameters are discussed e.g. in Ref. [2, 3,
4, 5, 11, 13]. Further large literature is available on the topics (see for example in Ref [13]).
Moreover, both the negative results and all the possible positive hints, achieved so-far in the
field, are largely compatible with the DAMA model-independent DM annual modulation results
in many scenarios considering also the existing experimental and theoretical uncertainties; the
same holds for indirect approaches; see e.g. arguments in Ref. [13] and references therein.

We recall that a first upgrade of the DAMA /LIBRA set-up was performed in September
2008 when a broken PMT was replaced and a new DAQ with optical read-out and new Digitizers
were also installed. The DAMA /LIBRA—phasel concluded its data taking in this configuration
on 2010; the results of the last (seventh) annual cycle of this phasel have been released after
this Workshop [28]. A further and more important upgrade has been performed at the end of
2010 when all the PMTs have been replaced with new ones having higher quantum efficiency;
details on the developments and on the reached performances in the operative conditions are
reported in Ref. [18]. Since then, the DAMA /LIBRA-phase2 is continuously running in order:
(1) to increase the experimental sensitivity lowering the software energy threshold of the exper-
iment; (2) to improve the corollary investigations on the nature of the DM particle and related
astrophysical, nuclear and particle physics arguments; (3) to investigate other signal features.
This requires long and heavy full time dedicated work for reliable collection and analysis of
very large exposures, as DAMA collaboration has always done. Another upgrade at the end
of 2012 was successfully concluded, while further improvements are planned. In the future
DAMA /LIBRA will also continue its study on several other rare processes [14, 15, 16] as also
the former DAMA /Nal apparatus also did [6].
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The orbital motion of the Earth can result in annual modulation signatures of dark matter.
The DAMA group reported a positive signal for an annual modulation with Nal(T1) crystal
detectors. The KIMS experiment uses a CsI(Tl) crystal detector array to search for dark
matter and, if the DAMA result is in fact due to WIMP interactions, can be expected
to see a similar annual modulation signal. This paper presents results of a search for
a dark-matter-induced annual modulation of signals in CsI(77) detectors over a 2.5 year
period.

1 Introduction

Common matter, so-called baryons, constitute only 4% of the energy density of the universe;
the composition of the remaining 96% is unknown [1]. Today, we have various evidence that
supports the existence of dark matter [2][3][4][5][6]. The Korea Invisible Mass Search (KIMS)
group has carried out an experimental search for Weakly Interacting Massive Particles (WIMPs)
using CsI(Tl) crystal detectors. This study used a 75.53-ton-day data-exposure that extended
from Sep. 2009 to Feb. 2012, corresponding to 2.5 annual modulation cycles.

CsI(TI) crystal pulse shapes can be used to discriminate nuclear recoil signals from gamma
background, something that cannot be done with Nal(7Tl) crystals. The KIMS experiment
already reported lower limits than DAMA annual modulation signal in iodine using the pulse
shape discrimination (PSD) method in 2007 [7] and 2012 [8]. However, DAMA argued that
KIMS may lose some nuclear recoil events when PSD is used in crystal scintillators [9]. The
annual modulation study of KIMS provides a more direct comparison compared to the non-PSD
analysis.
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2 Data analysis

2.1 Fitting Function

Because of the different characteristics of each CsI(TI) detector module, this analysis is done
separately for each detector and then the results are summed. Two-month-long time intervals
are used for the study of the annual modulation as shown in Fig. 1.
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Figure 1: The preliminary result from the fit of an annual modulation function to the data. The
fitted energy range is from 2 keV to 6 keV and the modulation phase is fixed to 2 June. The
upper figure shows the best fit (red line) to the data. The lower figure shows the residuals, where
the smooth background corresponding to the first and second terms of Eq. (1) are subtracted.

Equation (1) is used to fit the data. The first term is used to represent radioactive isotope
decays, the second term is for the constant background level and the last term corresponds the
annual modulation amplitude where the period is fixed at one year.

t—t 2
F(t) = Adecaye™ 7~ + Bkg + Acos %(t —t). (1)

The decay constant of the first term is fixed at the 34Cs lifetime of 2.065 y. Here, t is
fixed on the start time of data taking, and ¢; is 2 June and T is the cycle of the annual
modulation. Equation (1) has three free parameters; Agecqy (initial level of decay components),
Bkg (constant background level) and A (annual modulation amplitude). The fitting result from
each of the different detector modules are averaged to give the final value for each parameter.
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2.2 Fitting results

The left panel of Fig. 2 shows the averaged parameters for each 1 keV energy interval. The
amplitude at each energy is consistent with zero within 2 standard deviations. The right panel
of Fig. 2 shows the phase shift of the annual modulation for each energy bin. All of phases
are concentrated within 2 standard deviations of the origin, and the results do not show the
significant shift toward the right side, which would indicate a summer’s positive amplitude.
The fitted values of Agecay and Bkg indicate a smooth background that is slightly less than
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Figure 2: The preliminary result of the annual modulation amplitudes. The left spectrum
of energy results in the fixed phase and the right shows the phase distribution of the an-
nual modulation amplitude (Star-2 keV, Triangle-3 keV, Circle-4 keV, Inverted triangle-5 keV,
Square-6 keV).

3 cpd/kg/keV. The fitted values of the annual modulation amplitude A are 0.0021+0.0062
cpd/kg/keV (2 keV-6 keV) and 0.0008+0.0068 cpd/kg/keV (3 keV-6keV). These amplitudes
are consistent with a null signal within 1 standard deviation. The 90% confidence level (C.L.)
upper limits of the annual modulation amplitudes are 0.0122 cpd/kg/keV for 2 keV-6 keV and
0.0119 cpd/kg/keV for 3 keV-6keV. This results can be compared with DAMA modulation
signature, 0.0183+0.0082 cpd/kg/keV (2 keV-4 keV, 8.30). If the interaction is caused by the
WIMP-iodine scattering, the 2 keV-4 keV energy range of Nal(7Tl) should be compared with
3 keV-6 keV of CsI(TI) to account for the slight difference in the quenching factors [13]. The
90% C.L. upper limit of this result is inconsistent with DAMA modulation signature.

2.3 Cross-section limits

The well-defined WIMP model, which gives the rate of the momentum transfers between WIMPs
and detectors, and the Standard Halo Model (SHM) are used to convert from event rates to
cross-sections. The SHM is well described in [10], [11] and [12]. The cross-sections are
combined for both isotopes of ¥3Cs and 1261 according to 1/0 = 1/ocs + 1/o;. Figure 3
shows the 90% C.L. upper limit of the cross-section for the cases of the spin-independent
WIMP-nucleon, the spin-dependent WIMP-proton and the spin-dependent WIMP-neutron,
respectively. The sensitivity becomes worse near 100 GeV/c? mass at the left panel of Fig. 3
because the positive (maximum in 2 June) and negative (maximum in 2 December) amplitudes
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have zero amplitudes averaged over this range. Reference [10] briefly discusses the negative
amplitude possibility. This broadens and shifts the limits toward higher WIMP masses in the
spin-dependent case.

3 Conclusion

In this report, the spin-independent cross-section limits exclude a large part of DAMA’s WIMP
signal area for iodine. Furthermore, the spin-dependent cross-section limits rule out completely
the iodine island that corresponds to the DAMA’s annual modulation. Previous KIMS re-
sults ( [7] and [8]) could not provide cross-section limits for very low mass WIMPs because the
PSD technique requires a 3 keV threshold energy. In contrast, the annual modulation study
does not use the PSD technique and, therefore, has a lower threshold of 2 keV. Because of this
point, the spin-independent and spin-dependent limits can also exclude large parts of DAMA’s
sodium island.
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Direct dark matter searches using liquid xenon have shown a great potential to detect
WIMPs (Weakly Interacting Massive Particles) via elastic scattering off the target nuclei.
XENON100 operates with an active volume of 62 kg liquid xenon and it is located at the
Gran Sasso underground laboratory in Italy. So far the data released provides no evi-
dence for dark matter. The resulting exclusion limits on the WIMP-nucleon cross section
for spin-dependent and -independent interactions probe already significant regions of the
cross section and WIMP mass parameter space. The XENONIT experiment currently
under construction will improve the current sensitivity by two orders of magnitude.

1 Introduction

Cosmological and astronomical observations indicate that a large fraction of the matter in the
universe is non baryonic. A common assumption states that dark matter consists of elemen-
tal particles which arise naturally in various theories beyond the standard model of particle
physics [1]. Weakly Interacting Massive Particles (WIMPs) could interact elastically with tar-
get nuclei allowing to detect them directly. Such a measurement would provide information
on the interaction probability of WIMPs with ordinary matter and on the WIMP mass. The
detection is however challenging as the recoiling nucleus would deposit only a few keV energy
and the predicted interaction rate is very low. Therefore, the required detectors need to have
a low energy threshold, a large mass and a very low background. Among the various detector
technologies currently in use, liquid xenon (LXe) combines a high WIMP sensitivity with an
excellent self-shielding capability for background reduction. Its scintillation light at 178 nm
can be detected directly with photomultipliers (PMTs) without wavelength-shifter. Further-
more, natural xenon contains almost 50% of non zero spin isotopes, 12?Xe and '3'Xe, providing
sensitivity to spin-dependent WIMP interactions [2].

2 The XENON100 instrument

The XENON100 detector consist of a two-phase liquid xenon time projection chamber (TPC).
If a charged particle deposits energy in the medium, not only excitation but also ionisation of
the xenon atoms occur. This provides discrimination between signal and background events
based on the simultaneous detection of the prompt scintillation light (S1) and the charge signal
from electrons released. These electrons are drifted in an electric field and extracted into the gas
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phase, where the charge is converted via proportional scintillation in the gas to an amplified
secondary light signal (S2). Both signals are measured by two arrays of R8520 Hamamatsu
PMTs placed on top and bottom of the TPC. The interaction vertices can be reconstructed
with few mm precision based on the drift time (time difference between S1 and S2) and the
PMT hit pattern of the S2 signal [3].

The detector is located at the Laboratori Nazionale del Gran Sasso in Italy. The total mass
of liquid xenon is 161 kg of which 62kg are contained inside the TPC. The remaining 99 kg of
the xenon are used as an active veto surrounding the TPC. The whole system is placed inside a
shield consisting of an inner copper layer, lead, polyethylene and an outer neutron shield. Due
to a careful screening and selection of radio-pure detector materials, the experiment achieved
an electronic recoil background of 5.3 x 1073 events- kg~!-keV~! in the WIMP-search energy
range for a 34 kg fiducial mass [4].

3 Dark matter searches with XENON100

During 2011 and 2012, a science run with a total of 225 life days was acquired [4]. Compared to
the previous run, the krypton content was reduced to (194 4) ppt ***Kr in xenon resulting in a
subdominant 8°Kr contamination. Additionally, the ionisation threshold was lowered by using
a new hardware trigger such that the efficiency was > 99% at 150 photoelectrons (PE) in S2.

The detector is calibrated with 137Cs, ¢°Co, 232Th (gamma) and 2! AmBe (neutron) sources
in order to characterize the detector performance, to determine the data selection criteria for
dark matter searches and to define the signal and background regions. The region of interest for
WIMP candidates was blinded to avoid bias during the analysis. The used science data were
selected from periods of stable operating conditions. The criteria to select candidate events
include data quality, energy range in S1 and S2, selection of single scatter events, consistency
cuts and analysis volume [6]. The acceptance for these cuts was calculated using mainly nuclear
recoils from calibration data. The nuclear recoil scale E,,, was calculated from the light signal
(S1) using the equation E,, = (S1/Ly)(1/Lesf)(Sec/Snr) where L, is the light yield of a
122keV gamma ray at zero applied drift field. The term L.y; accounts for all quenching
effects of the nuclear recoil scale and it is parametrized using all existing measurements from
neutron scattering experiments (see [5] and references therein). Se. and S, are the electric
field scintillation quenching factors for electronic recoils and nuclear recoils.

A profile likelihood method was use to test both the signal and the background-only hy-
pothesis in the predefined energy range (3 — 30) PE corresponding to (6.6 — 43.3) keV,,,- recoil
energy. The background prediction included electronic recoil leakage from the main background
region and nuclear recoils from neutrons reaching the innermost 34 kg mass used for the anal-
ysis. After unblinding, the profile likelihood analysis yielded a p—value of < 5% for all WIMP
masses indicating no signal over the predicted background.

This result was interpreted in terms of spin-independent [4] and -dependent [2] interactions of
WIMPs. Figure 1 shows the expected sensitivity bands (1 ¢ in green and 2 ¢ in yellow) together
with the actual exclusion limits for spin-independent (left) and neutron coupling spin-dependent
(right) WIMP-nucleon cross sections. The shaded gray regions represent theoretically favoured
regions in this parameter space. The closed regions represent the 2o signal indications from
the DAMA, CoGeNT and CRESST-II experiments (see references in [4]) which are in tension
with the result of XENON100.
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Figure 1: WIMP-nucleon cross section exclusion limits from 225live days run of XENON100.
(Left) Spin-independent. (Right) Spin-dependent (neutron coupling). Figures from [4] and [2],
respectively.

3.1 Verification of nuclear recoil energy scale

A data/Monte Carlo comparison of the XENON100 nuclear recoil data acquired during the
neutron source calibration with 2! AmBe has been performed [7] in order to verify the energy
scale used for the results mentioned above. The response of the XENON100 experiment was
modelled using a detailed geometry of the whole experiment including the shield and the gen-
eration of the two signals S1 and S2. The calculated acceptance for the data was also applied
to the Monte Carlo generated events.

In a first step, the S2 Monte Carlo spectrum is fitted to the corresponding data. From
this procedure, the number of free electrons per unit energy, charge yield @Q,, is extracted
(see Figure?2, left). Best spectral matching was obtained for a neutron source rate of 159n/s.
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Figure 2: (Left) @, obtained from fitting data to the Monte Carlo generated S2 spectrum.
(Right) Leys obtained from the Monte Carlo/data matching of the S1 spectrum. Figures
from [7].

This number is in agreement with an independent measurement of the rate which yielded

(160+4)n/s. Using the derived Q,, the S1 spectrum of the 4! AmBe nuclear recoils is similarly
fitted to the Monte Carlo data and the scintillation efficiency L.y is calculated. As it can be
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seen in Figure 2 (right), the best-fit curve is in agreement with the energy scale used in previous
XENON100 analysis [4]. In both mentioned steps, a very good level of spectral shape matching
is accomplished along with agreement in the 2-dimensional particle discrimination space (S2
versus S1). These results confirmed the validity of the calculated signal acceptance used by
XENON100 for WIMP searches.

4 Determination of the LXe electronic recoil energy scale

In the sections above, the elastic scattering of WIMP particles off nuclei have been considered
where the signal signature consists of a nuclear recoil. However, dark matter particle candidates
such as axions or axion-like particles [8] would interact predominantly with shell electrons in the
target. In order to study the sensitivity of XENON100 to electronic interactions, the response
of liquid xenon down to ~keV electronic recoil energies needs to be measured.

Recently, laboratory experiments have shown [9][10] that at zero drift field, the light yield at
10keV decreases below to 40% of its value at higher energies. These experiments use a strong
gamma which interacts via Compton scattering in LXe and is then detected in an additional
coincidence detector. Using an applied electric field of 450V /cm [9] which is close to the field
of 530 V/cm used in XENON100, the scintillation output is reduced to about 75% relative to
the value at zero field. Figure3 shows the energy dependence of the light yield at zero field
(left) and the energy dependence of the field quenching at 450 V/cm. Despite of the light yield
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Figure 3: (Left) Energy dependence of the scintillation yield for electronic recoils. (Right) Field
quenching at 450 V/cm for different energies. Figures from [9)].

reduction mentioned above, liquid xenon shows scintillation at few keV energies in a presence of
the tested drift field. Using the data of figure 3, the estimated electronic-recoil energy threshold
for XENON100 has been calculated to be at about 2.3keV.
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5 Status of XENONI1T

Currently, XENON100 continues being operational and is taking dark matter data. However,
in order to increase the sensitivity significantly, the XENON collaboration proposed a next
generation detector, XENONI1T [11], consisting of about 3 tons of LXe. The design consists of
a dual-phase TPC of about 1m height and about 1m in diameter. The goal is to reduce the
background by a factor of ~ 100 compared to the one of XENON100 which is at the level of
5x 1073 events/(keV-kg-d) [4]. This is achieved by using an additional water muon-veto detector,
an improved material screening and selection and by reducing the intrinsic contamination with
85Kr and radon using dedicated devices. In addition, a 3 inch high quantum efficiency and low
radioactive PMT (Hamamatsu R11410[12]) will be use to further reduce the background.
XENONI1T’s goal is to probe spin-independent WIMP-nucleon cross sections down to 2 x
1047 cm? for a 50 GeV/c? WIMP mass. Figure 4 shows the projected sensitivity using 2.2 ton-
year exposure, 99.75% background rejection rejection in log(S2/S1) parameter space and 40%
efficiency to detect nuclear recoils. The construction of the infrastructure for XENONIT has
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Figure 4: Projected sensitivity for spin independent WIMP-nucleon cross section with the
XENONIT experiment.

started this summer at the Laboratori Nationale dell Gran Sasso in Italy and by the time of
writing (September 2013) the upper part of the water tank is completed. The start of data
taking is planned for 2015.
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The EDELWEISS experiment is a direct Dark Matter search experiment with a primary goal
to detect Weakly Interacting Massive Particles (WIMPs). 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 and excluding most of the
parameter space favored in some recent experimental hints. Currently the upgrades of the
setup towards better sensitivity are being finalized and new detectors are being installed.
The scientific goals of EDELWEISS-III program will be presented, including improvements
of the background, data-acquisition and measurements with a subset of the forty 800-g
detectors. Ongoing installation works of the EDELWEISS-III setup and further plans for a
next generation experiment, EURECA, are discussed.

1 Dark Matter search with Edelweiss

The EDELWEISS experiment searches for the WIMP dark matter by means of germanium
bolometers with an improved background rejection, thanks to an interdigitized electrode de-
sign (ID) [1]. Once these detectors are cooled to about 18 mK, one can simultaneously measure
phonon and ionization signals after an energy deposit in the germanium crystal. The ratio
of the two signals, called the Q-value or ionization yield, is different for nuclear and electron
recoils with nuclear recoils having Q~0.3 when normalized to Q=1 for electron recoils. This
separation in the ionization yield allows a powerful «/S-background rejection. Additional rejec-
tion power arises from the special electrode arrangement (Fig. 1), called interdigitized electrode
design, which provides rejection of surface events [1]. Aluminum electrodes evaporated onto
the Ge crystal are used to collect electrons and holes. The temperature increase is measured
by the use of neutron-transmutation-doped germanium (NTD) as a temperature sensor. The
ID detectors used in the second phase of the experiment, EDELWEISS-II, had a mass of 400 g
each with interleaved electrodes only on top and bottom surfaces, which limited the fiducial
volume to about 40%, or 160 g per detector [2]. For the EDELWEISs-IIT phase the bigger de-
tectors of 800 g with interleaved electrodes also on the lateral surface (Fig. 1) were developed,
called fully interdigitized (FID) bolometers. This increased the fiducial volume to about 75%,
or 600 g per detector. The experimental setup (Fig. 2) is located in the Laboratoire Souterrain
de Modane (LSM), an underground lab in the Fréjus road tunnel in the French-Italian Alps.
The laboratory profits from a shielding of 4850 m.w.e., which reduces the muon flux down to
about 5 p1/m?/day. A general overview of the setup is shown in Fig. 2: The central part of the
experiment is a dilution cryostat which can host up to 40 kg of detectors. A lead layer of 20 cm
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shields the bolometers against an external v/8-background while 50 cm of polyethylene is used
to moderate neutrons. An additional layer of polyethylene is installed between the bolometers
and the lead layer in the EDELWEISS-III setup to further reduce the neutron background. A
muon veto system (>98% coverage) consisting of 100 m? of plastic scintillator to tag remaining
cosmic muons completes the installation [3]. In addition, a continuous control of the Rn level
is performed near the cryostat, and a 3He-gas detector is installed inside the shields to monitor
the thermal neutron flux. A neutron counter system based on 1 m? of Gd-loaded liquid scintil-
lator [4] was used during year 2009-2012 to study the muon-induced neutron background. The
EDELWEISS-II phase is now finished, and the upgrade to EDELWEISs-II1 is ongoing (Sec. 3). The
scientific goal of EDELWEISS-III is to reach a sensitivity of a few 10~ pb for the WIMP-nucleon
spin-independent (SI) cross-section by 2014-2015.
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Figure 1: (color online) The electrode
scheme of an FID detector (to be used
in EDELWEISS-IIT). The detectors have a
radius of 3.5 cm and a height of 4 cm
(FID800). In this example, the top and
bottom fiducial electrodes are B and D,
while the surface veto electrodes are A and

C.
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Figure 2: (color online) The EDELWEISS setup lay-
out: in the center is the cryostat able to host up to
40 kg of detectors and surrounded by the passive
and active (muon-veto) shields. Auxiliary detec-
tors: 3He proportional counter for thermal neutrons
and liquid scintillator detector to measure muon-
induced neutrons.

2 Results of the Edelweiss-II phase

In the second phase of the experiment the EDELWEISS collaboration successfully operated ten
400-g ID detectors over a period of 14 months from April 2009 to May 2010 and in addition
two detectors during an initial run between July and November 2008. Here we summarize the

main results of this measurement period.
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2.1 WIMP search for M, > 50 GeV

The analysis was optimized to maximize the exposure in a recoil energy range where the behavior
of all of the ten detectors was homogeneous and well understood. It resulted in a 384 kg-day total
effective exposure. Five nuclear recoil candidates were observed above a priori set threshold of
20 keV. In the background conditions of EDELWEISS-II (see Sec. 2.4), the result was interpreted
in terms of limits on the cross-section of spin-independent interactions of WIMPs and nucleons.
A cross-section of 4.4-1078 pb is excluded at 90% C.L. for a WIMP mass of 85 GeV (Fig. 4).
New constraints were also set on models where the WIMP-nucleon scattering is inelastic [2].
As both EDELWEISS and CDMS experiments use the same target material, germanium, the two
collaborations decided to combine their results. This allowed an increase of the total data set to
614 kg-day equivalent exposure and an improvement of the upper limit on the WIMP-nucleon
spin-independent cross-section [5], e.g. a value of 3.3-10~® pb was excluded at 90% C.L. for a
WIMP mass of 90 GeV where the combined analysis is most sensitive (Fig. 4). Chosen methods
of combination and further details of the work can be found in Ref. [5].

2.2 Analysis for low-mass WIMPs

The direct detection of low-mass (~10 GeV or lower) WIMPs is challenging because the recoil
energies generated by the elastic scattering on nuclei of such low-mass particles are close to the
experimental thresholds of existing detectors; for WIMPs with a mass of about 10 GeV, the
highest expected recoil energy is of the order of 10 keV. This is why in this analysis a restricted
data set was used, selected on the basis of detector thresholds and backgrounds, for which a
low-background sensitivity to nuclear recoils down to 5 keV could be achieved. The data quality
cuts resulted in only four out of the ten detectors were used, and the total exposure reduced
to 113 kg-day [6]. For WIMPs of 10 GeV mass, one event was observed in the WIMP search
region, which lead to a 90% C.L. limit of 1.0-10~° pb on the spin-independent WIMP-nucleon
scattering cross-section (Fig. 4) [6]. This extended the sensitivity of EDELWEISS-II down to
WIMP masses below 20 GeV and constrained the parameter space associated with the findings
reported by the CoGeNT, DAMA and CRESST experiments. Ref. [6] provides all details of
this analysis.

2.3 Axion search

EDELWEISS is primarily a direct WIMP search experiment. However, the fact that germanium
bolometers are also sensitive to low-energy electron recoils allows a search for such recoils poten-
tially induced by solar or dark matter axions to be performed. The same data set was therefore
analyzed to probe scenarios involving different hypotheses on the origin and couplings of ax-
ions. The extensive study has been presented at this conference [7]. Here we merely summarize
that by combining all obtained results we exclude the mass range 0.91 eV < m4 < 80 keV
for DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) axions and 5.73 eV < m4 < 40 keV for KSVZ
(Kim-Shifman-Vainstein-Zakharov) axions [7], which is a prominent result for a direct axion
search from a single dataset.

2.4 Background studies

In order to interpret any result of a direct WIMP search, one has to properly evaluate all possible
background components. We have carried out Monte-Carlo simulations based on Geant4 for
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Background EDELWEISS-IT (event/kg-day) | EDELWEISS-IIT (event/kg-day)
Gamma rate 82 14 - 44

Ambient neutrons <8.1:1073 (0.8 - 1.9)-1074
Muon-induced neutrons <21073 <4104

Table 1: Levels of background achieved in EDELWEISS-II and improvements expected for the
EDELWEISS-III. When the limits are given, they at 90% C.L.

the complete EDELWEISS-II setup to study the gamma and neutron background coming from
radioactive decays in the setup and shielding, and normalized the expected background rates to
the measured material radiopurity (or upper limits) of all components [8]. The expected gamma-
ray event rate in EDELWEISS-IT at 20 - 200 keV agrees with the observed rate of 82 events/kg-day
within the uncertainties in the measured concentrations. The neutron rate from radioactivity
was estimated to be less than 3.1 event at 90% C.L. at 20 - 200 keV and for an effective exposure
of 384 kg-days, or < 8.1.1073 event/kg-day. The rate of muon-induced neutrons was deduced
in the dedicated study [3] and resulted in < 0.72 events (90% C.L.) for the EDELWEIsS-II total
effective exposure, i.e. less than 21073 event/kg-day. However, the main contribution was
dominated by a short period of malfunctioning muon veto. The contribution of misidentified
gammas, taking into account the gamma-rejection power of the ID detectors deduced in '**Ba
calibrations, was estimated to be less than 0.9 events, while the surface event contribution is
less than 0.3 for EDELWEISS-II effective exposure of 384 kg-days. The overall background was
calculated to be less than 5.02 event and does not contradict the five observed events in nuclear
recoil band.

The simulation framework was extended to the EDELWEISS-III configuration with 800-g
crystals, better cryostat material purity and additional neutron shielding inside the cryostat.
The results of the background studies showed that it is possible to upgrade the existing setup
to further reduce the expected rate of background events (Tab. 1) and improve the sensitivity
of the experiment by another order of magnitude. These results also helped to select higher
purity components and improve shielding of the experiment.

3 Status and goals of Edelweiss-111

Since it was realized that it is possible to upgrade the setup in order to significantly improve
the EDELWEISS sensitivity, the EDELWEISS-III phase of the experiment was started. The actual
changes concern all aspects of the experiment. New copper thermal screens were produced out of
higher radiopurity copper, which reduces the intrinsic gamma background. A new polyethylene
shield was installed inside the cryostat between the detectors and the lead castle (Fig. 2) to
protect against neutrons. There were installed additional modules of the muon veto, and further
optimization of its operation is ongoing in order to improve its efficiency. The analog front-end
electronics has been upgraded such that DAC-controlled mechanical relays are used instead of
feedback resistors of charge sensitive preamplifiers [9]. The use of relays is expected to avoid
Johnson noise contributions from resistances and thus improve the low frequency noise level. It
also allows the electronics to be moved further away, and thus reduce its radioactive influence on
the detectors. A new DAQ has been implemented to read up to 60 bolometers and includes the
readout of the muon veto timing. The new design reduces the continuous data flow processed
by acquisition computers for triggering and data storage. This is a highly scalable system
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Figure 3: (color online) Top: Ionization yield
versus energy for two 800-g FID detectors for
an exposure to 10° 21°Pb decays. Bottom:
same data after rejection of events which had
sufficient signals on the veto electrodes (A,C
on Fig. 1) and non-equal signals on fiducial
electrodes (B,D on Fig. 1), so-called fiducial
cut. Solid red lines represent the nuclear recoil
band (90% region), while the full and dashed
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above 15 keV threshold on the recoil energy.

and allows an inclusion of even more detectors in the future. Additionally, an increase in the
sampling rate on the ionization channel from 10 kSamples to 40 MSamples has been studied.
The higher resolution on timing of the ionization signal would improve further the discrimination
power between fiducial and surface events [1]. Ongoing R&D on the HEMT-based front-end
readout should allow us to lower the recoil energy threshold down to 3 keV and thus improve
the low-mass WIMP search (Fig. 4). In order to handle a significantly increased data flow, a
multi-tiered data structure, analysis toolkit and data processing management system has been
constructed [10]. Finally, new FID detectors with twice the mass (800 g) and increased fiducial
volume (~600 g) have been developed (Fig. 1). These detectors are confirmed to have a better
rejection of y-events comparing to the previous ID400 detectors, e.g. out of 4-10° ~-events
recorded in '33Ba calibration, none leaked into the region-of-interest, i.e. nuclear recoil band
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between 20 keV and 200 keV. Recently two of these detectors were also tested for rejection of
surface events (Fig. 3) and showed a slightly better rejection power of 4-1075 above 15 keV
recoil energy (90% C.L.) compared to that previously measured for ID bolometers of 6-10~°
above 20 keV.

The plan of the fully funded EDELWEISS-III project is to acquire an exposure of 3000 kg-day
within a half year of operation and to reach in 2014 a WIMP-nucleon scattering cross-section
sensitivity of a few 107 pb. It is foreseen to continue further to achieve larger exposure and
better sensitivity in case of no background (Fig. 4). The ongoing research builds a good ground
for the EURECA project [11], a next generation dark matter experiment with a multi-nuclei
target of up to 1000 kg mass. EURECA is supported by different European dark matter groups
and a closer collaboration with the SuperCDMS experiment is foreseen. EURECA will probe
in its 1-tonne phase a WIMP-nucleon SI interaction down to 10711 pb (Fig. 4).
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The CDMS 1II collaboration operated an experiment consisting of cryogenic Ge and Si
detectors designed for the direct detection of Weakly Interacting Massive Particle (WIMPs)
dark matter from 2003 - 2008. Currently the SuperCDMS collaboration is operating 9
kg of advanced iZIP germanium detectors with larger mass and improved background
discrimination in the CDMS II cryostat. In this talk I will discuss the latest results from
the CDMS II experiment and present the current status and plans of the new SuperCDMS
experiment.

1 Introduction

There are substantial evidences that dark matter is present at all scales in the universe and
also a compelling motivations to believe that it consist mainly of non-baryonic objects [1] . The
latest Planck results are pointing out that dark matter is contributing for about 27% of the total
Universe amount [2]. The most promising dark matter particle candidate is a WIMPs: stable
particles which arise in several extensions of the Standard Model of electroweak interactions [3].
Typically they are presumed to have masses between few tens and few hundreds of GeV/c? and
a scattering cross section with a nucleon below 10~4? cm?.

The Cryogenic Dark Matter Search (CDMS) Collaboration has pioneered the use of low
temperature phonon-mediated detectors to detect the rare scattering of WIMPs on nuclei and
distinguish them from backgrounds. With this powerful technology, operating deep under-
ground in the Soudan mine in Minnesota, CDMS II has provided the most sensitive WIMP
search in the world, and this technology has the greatest discovery potential because it has
achieved nearly background free performance. The SuperCDMS program includes a scaling
up of the CDMS detector technology in several phases. For each phase of SuperCDMS, not
only does the target exposure need to increase but also, to maintain maximum improvement
in sensitivity as a function of exposure time, we desire a zero background experiment for each
phase.

The direct detection principle consists in the measurement of the energy released by nuclear
recoils produced in an ordinary matter target by the elastic collision of a WIMP from the
Galactic halo. The main challenge is the expected extremely low event rate (<1 evt/kg/year)
due to the very small interaction cross section of WIMPs with ordinary matter. Another
constraint is the relatively small deposited energy (<100 keV). The dominant background for
direct dark matter search experiment are electronic recoils induced by gamma, alpha and beta
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particles. In addition, since the WIMP signal that we want to detect has the same proprieties
of a nuclear recoil, neutrons and muon induced neutrons are the irreducible background.

In order to measure low energy recoils, cryogenic detectors - high purity Ge and Si crystals
for CDMS IT and high purity Ge crystals only for SuperCDMS - are employed. The simultaneous
measurements of phonon and ionization signal allows an event by event discrimination between
the electronic recoils which represent the main background and the nuclear recoils produced by
neutrons and WIMPs. The ionization signal, corresponding to the collection on electrodes of
electron-hole pairs created by the energy loss process, depends on the particle type whereas the
phonon signal reflects the total energy deposit.

2 CDMS II: silicon detector results

During 2003-2008 the collaboration operated CDMS II, an array of Ge and Si detectors located
at the Soudan Underground Laboratory [4] Results from data recorded between July 2007 and
September 2008 in the silicon detectors will be discussed, whereas the results from Ge detectors
for the same data set have been described in previous publications [5], [6].

The advantage of Si material as target is its low atomic mass: in searches for WIMPs of
relatively low mass due to more favorable scattering kinematics, a WIMP of mass of 40 GeV /c2
will transfer more recoil energy to a Si nucleus than a Ge nucleus on average.

The CDMS 1II installation consist of 11 Si detectors. Three of them were excluded from
the WIMP-search analysis: two due to wiring failures that led to incomplete collection of the
ionization signal and one due to unstable response on one of its four phonon channels. The data
recorded by the 8 Si detectors represent a total raw exposure of 140.2 kg-days. Background
estimate, likelihood analysis and post unblinding checks are detailed in [7].

Left panel of Fig. 1 illustrates the data recorded with (bottom) and without (top) the phonon
timing criteria which, providing z-position information for each event, allows to discriminate nu-
clear recoils form surface events which can leak into the signal region. Three WIMP-candidate
events were observed with recoil energies of 8.2, 9.5, and 12.3 keV. The events were well sepa-
rated in time and were in the middle of their respective tower stacks. After unblinding, extensive
checks of the three candidate events revealed no analysis issues that would invalidate them as
WIMP candidates.

The interpretation of these three WIMP-candidate event in terms of upper limits on the
spin-independent WIMP-nucleon scattering cross section at the 90% confidence level (C.L.) is
shown in the right panel of Fig. 1. The present data set an upper limit of 2.4 x1074! cm? for a
WIMP of mass 10 GeV /c?.

A likelihood analysis that includes the measured recoil energies of the three events favors
by 3 sigma the WIMP hypothesis over that of an accidental fluctuations of known background.
The resulting best-fit region from this analysis (68% and 90% confidence level contours) on the
WIMP-nucleon cross-section is shown in the right panel of Fig. 1. While the results does not
rise to the level of discovery it does warrant further investigations.

The CDMS collaboration is currently probing this region of WIMP nucleon cross section
versus WIMP mass more completely out with our operating germanium detectors in the Super-
CDMS experiment in the same Soudan underground environment with higher mass and better
discrimination power.
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Figure 1: Left panel shows the ionization yield versus recoil energy in all detectors included
in this analysis for events passing all signal criteria except (top) and including (bottom) the
phonon timing criterion. The curved black lines indicate the signal region (-1.80 and +1.20
from the mean nuclear recoil yield) between 7 and 100 keV recoil energies. The gray band
shows the range of ionization energy thresholds. Blue shades of colors refer to different recoil
energy ranges of 720, 2030, and 30100 keV (dark to light). Right panel shows the experimental
upper limits (90% confidence level) for the WIMP-nucleon spin-independent cross section as a
function of WIMP mass.

3 The SuperCDMS Soudan experiment

SuperCDMS aims to reach a sensitivity in the WIMP-nucleus interaction detection better than
0.003 counts/kg-d for recoil energy above 8 keV. To reach this goal, background rejection
and discrimination are necessary. SuperCDMS backgrounds includes gamma particles, beta
particles and neutrons from cosmic rays and natural radioactivity. Thanks to simultaneous
measurements of charge and phonon signals iZIP detectors can discriminate gammas from
WIMPs at high efficiency, because WIMPs interact with nuclei and gammas with electrons.
The iZIP detector consists of a 3-inch diameter x 1-inch thick Ge substrate (7.6 x 1019 cm™3
purity). Detector features are detailed in previous publications [8], [9].

The main limiting background of the experiment comes from interactions occurring just
underneath the collecting electrodes: essentially low energy S-rays due to 2'°Pb contamination
(?22Rn daughter)of the detector surface and/or in the vicinity of the detectors. The incomplete
charge collection of these events can mimic nuclear recoils.

Evidences of a 2!°Pb contamination in CDMS detectors have been shown in previous data [5]:
222Rn decays to 2'°Bi, emitting X-rays conversion electrons with energies below 60 keV falling
precisely within the energy range of interest for WIMP searches. 2'9Bi decays to 2'°Po with
emission of a beta with an end-point at 1.1 MeV. Finally, 2'°Po decays to 2!°Pb via a 5.3 MeV
alpha with a range of 20 um, accompanied back-to-back by the recoil of the 2!°Pb nucleus ( 40
nm) with a kinetic energy of 103 keV.

With the iZIP detector technology, surface events are tagged by the presence of charge on
only one side charge electrode of the detector. For events occurring in the bulk of the crystal,
the iZIP measures the number of electrons that travel across the detector to one charge electrode
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Figure 2: Left and right panels show the same data from ~900 live hours of detector T3Z1
with the 21°Pb source facing side 1. The symmetric charge events are represent as the large
blue dots and occurs in the interior of the crystal. The events which fail the symmetric charge
cut (small red dots) include surface events from betas, gammas and lead nuclei incident on side
1 from the source. The two blue dots with circles around them are outliers that show a very
low charge yield and just satisfy the symmetry requirement. Left panel shows the projection
in the (Y, E) plane of the data recorded and the right panel shows, in addition to those data,
the nuclear recoils from neutrons from a 252Cf source (green, low yield).

while at the same time measuring the number of holes traveling in the other direction to the
electrode on the opposite side of the crystal. The two charge signals are therefore symmetric.
Then, iZIP detector have the ability to reject surface events from bulk ones just performing a
cut based on charge signal: symmetric cut means that the charge signal is equally shared on
both sides of the detector. Three separate populations: bulk electron recoil, bulk nuclear recoil
(taking advantage of different yield value between electronic and nuclear recoil) and surface
electron recoil were defined using the the charge symmetric cut.

In order to verify and quantify the surface event power rejection capabilities of the iZIP
detectors two detectors have been equipped with a 2!°Pb implanted Si wafer with an activity of
1000 Pb decays per day. Left panel of Fig. 2 shows the ionization yield (ratio of ionization signal
to phonon signal normalized to electron recoil events from the gamma source) as a function
energy of events recorded for detectors equipped with Pb source. It consist of 37.6 live time
days. Green lines represent the 4+ 2 ¢ ionization yield range of neutrons. The hyperbolic
black line is the 2 keVee ionization threshold whereas the vertical black line is the recoil energy
threshold (8 keVr). Electrons from 21°Pb (below 60 keVr) and 210Bi (mostly above 60 keVr)
are distinctly separated from 26Pb recoils (low yield, below 110 keVr).

In addition to the data in left panel of Fig. 2, the right panel also shows nuclear recoils
from neutrons from a 2°2Cf source (green, low yield). Nuclear recoils as bulk events show a
symmetric ionization response between sides like the bulk electron recoils at higher yield. They
are thus nicely discriminated from the surface events via the symmetric charge cut.

In 37.6 live time days (from March to July 2012), no events are leaking into the signal
region into 50% fiducial volume in the energy range 8-115 keVnr This result limits surface
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events leakage to 1.7 x 1075 @90% C.L., [10].

As with the standard CDMS detectors described in detail in [5], the phonon measurement
provides z-position information for each event via the timing difference between rising edges of
the phonon pulses. Phonon timing rejection capabilities of the iZIP detector have been tested
and demonstrated to be preserved from the standard ZIP detector [11].

3.1 The SuperCDMS SNOLAB experiment

The SuperCDMS Soudan projected sensitivity will reach nearly an order of magnitude more
sensitive than the CDMS II result. Extending the sensitivity by another order of magnitude will
require a new, cleaner facility located farther underground, to reduce the neutron background
that may ultimately limit our Soudan experiment. It will also require a substantial increase in
Ge detector mass. This future SuperCDMS SNOLAB project will construct a new experimental
apparatus, in the SNOLAB laboratory in Sudbury, Ontario, Canada.

One effective way to mitigate the challenge posed by nuclear recoils induced by neutrons in
dark matter experiments is to employ active neutron vetoes. Such a strategy would improve
the sensitivity of an experiment which would otherwise be limited by neutron backgrounds by
vetoing a large fraction of the neutron induced recoils. In addition, it would provide sensitive in
situ measurements of the true neutron environment in which the detectors are operating. This
direct assay capability would allow experiments to convincingly demonstrate that low neutron
backgrounds have been achieved. A neutron veto system with a very high detection efficiency
can be produced by surrounding a dark matter detector with a layer of liquid scintillator.
SuperCDMS collaboration is proposing to build active neutron veto shielding at SNOLAB
underground laboratory.

Ongoing studies are assessing the necessity and feasibility of including a neutron veto in the
SuperCDMS SNOLAB design.

SuperCDMS SNOLAB will extend the sensitivity by over an order of magnitude with an
increased target mass of 200 kg and suppression of backgrounds through better shielding design,
materials selection, and materials handling as well as the added depth to suppress backgrounds
from cosmic-ray showers.
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We report new limits on spin-independent WIMP-nucleon interaction cross-section using
39.5 kg-days of data taken with a p-type point-contact germanium detector of 840 g fi-
ucial mass at the Kuo-Sheng Reactor Neutrino Laboratory. Crucial to this study is the
understanding of the selection procedures and, in particular, the bulk-surface events diff-
entiation at the sub-keV range. The signal-retaining and background-rejecting efficiencies
were measured with calibration gamma sources and a novel n-type point-contact germa-
nium detector. Part of the parameter space in cross-section versus WIMP-mass implied
by various experiments is probed and excluded.

A kg-scale p-type point-contact germanium detectors (pGe) is sensitive to probe the "low-
mass” WIMPs with m, < 10 GeV.

We report new results with a pGe of 39.5 kg-days of data at Kuo-Sheng Reactor Neutrino
Laboratory (KSNL).

The detector was enclosed by an Nal(T1) anti-Compton (AC) detector and copper passive
shieldings inside a plastic bag purged by nitrogen gas. This set-up was further shielded by, from
inside out, 5 cm of copper, 25 cm of boron-loaded polyethylene, 5 cm of steel and 15 cm of lead.
This structure was surrounded by cosmic-ray (CR) veto panels made of plastic scintillators read
out by photomultipliers. Both AC and CR detectors serve as vetos to reject background and
as tags to identify samples for efficiency measurements [1].

Signals from the point-contact is distributed to a fast-timing amplifier which keeps the rise-
time information, and to amplifiers at both 6 s and 12 s shaping time which provide energy
information. The trigger efficiency was 100% above 300 eVee.

Energy calibration was achieved by the internal X-ray peaks and the zero-energy was defined
with the pedestals provided by the random events. The electronics noise-edge is at 400 eVee.
A cut-based analysis was adopted. There are three categories of selection criteria: (i) PN
cuts diffentiate physics signals from spurious electronic noise; (ii) the AC and CR cuts identify
events with activities only at the pGe target; and (iii) the "bulk versus surface events” (BS)
cut selects events at the interior. In addition, the efficiencies and suppression factors (ex,Ax)
for every selection (X=PN,AC,CR,BS) are measured. The physics samples selected these cuts
are categorized by "AC~(H@CR~(H®B(S)”, where AC~(+) and CR~(*) represent AC and
CR signals in anti-coincidence(coincidence), respectively, while B(S) denote the bulk(surface)
samples. The xN candidates would therefore manifest as ACT®CR~®B events [1].

The in situ doubly-tagged ACT®CR™T events serve as the physics reference samples, with
which the epy shown in Figure 2 are measured. The majority of the electronics-induced events
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above noise-edge are identified(A~1).

The efficiencies for AC and CR selections are measured by the random events to be, re-
spectively, eac > 0.99 and ecg = 0.93. The suppressions Ayc = 1.0 above the NaI(T1) threshold
of 20 keVee, A\cr = 0.92, measured by reference cosmic samples in which the energy depositions
at Nal(Tl) are above 20 MeVee.

The surface-electrode of pGe is a lithium-diffused n™ layer of mm-scale thickness. Partial
charge collection in the surface layer gives rise to reduced measureable energy and slower rise-
time (7) in its fast-timing output. The thickness of the S layer was derived to be (1.16£0.09)
mm, via the comparison of simulated and observed intensity ratios of +-peaks from a '33*Ba
source. This gives rise to a fiducial mass of 840 g.
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Figure 1: (left) loglO[7] versus energy, with 7-scan indicating the range of cut-stability test.
Typical B'(S’) pulses at T~700 eVee are shown. (right) The measured Total and B’ spectra
from pGe with the surface-rich y-ray (>4! Am,®7Cs) and bulk-rich cosmic-ray induced neutrons.
They are compared to reference B-spectra from simulation and nGe AC~®CR™T.
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Figure 2: (left) Allowed bands at threshold and at a high energy band. (right) The measured
(eBs,ABs) and epyn as functions of energy. Independent measurement on egg with Ga-L X-rays
is included.

The logio[7] versus measured energy(T) scatter plot is displayed in Figure 1. Events with 7
less(larger) than 7q are categorized as B’(S’). The actual bulk(surface) rate are denoted B(S).
At T>2.7 keVee where the T-resolution is better than the separation between the two bands,
the conditions B=B’ and S=§’ are justified. At lower energy, (B’,S’) and (B,S) are related by
the coupled equations:

B/:€Bs-B+(1—/\BS)'S, S/:(l—ﬁBS)'B—F)\Bs-S, B+S=B+¢9.
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The calibration of (egs,Aps) involves at least two measurements of (B’,S’) where (B,S) are
independently known. Three complementary data samples were adopted:

(I) Surface-rich events with ~-ray sources — Calibrations with both low and high energy-
sources (24! Am at 60 keVee and '37Cs at 662 keVee, respectively) were performed. As displayed
in Figure 1, the measured B’- spectra are compared to the reference B derived from simulation.

(IT) Bulk-rich events with cosmic-ray induced fast neutrons — A 523 g n-type point-contact
germanium (nGe) detector was constructed. The components and dimensions are identical to
those of pGe. The surface of nGe is a p+ boron implanted electrode of sub-micron thickness.
There are no anomalous surface effects. Data were taken under identical shielding configurations
at KSNL. The trigger efficiency was 100% above T=500 eVee, and energy calibration was
obtained from the standard internal X-ray lines. The AC"®CR™ condition selects cosmic-ray
induced fast neutron events without associated y-activities, which manifest mostly(85%) as
bulk events. Accordingly, the ACT®CR™ spectrum in nGe is taken as the B-reference and
compared with those of ACT®CRT®B’ in pGe.

Using calibration data (I) and (II), (egs,Aps) are measured by solving the coupled equations
above. Uncertainties were derived from errors in (B,B’,S’). A consistent egg is independently
measured from Ga-L X-ray peak at 1.3 keVee. As shown in Figure 2.
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Figure 3: (left) Measured energy spectra, showing the raw data and those with
AC~®CR ™ (®B’) selections. The large inset shows the (egs,Aps)-corrected AC~®CR~®B,
with a flat background and L-shell X-ray peaks overlaid. The small inset depicts the residual
spectrum superimposed with that due to an allowed (excluded) cross-section at m,=7 GeV.
(right) Exclusion plot of spin-independent xN coupling at 90% confidence level, superimposed
with the results from other benchmark experiments.

The raw spectrum as well as those of ACT®CR™®(B’) are depicted in Figure 3. The
peaks correspond to known K-shell X-rays from the cosmogenically-activated isotopes. Errors
above T'~800 eVee are dominated by statistical uncertainties, while those below have additional
contributions due to the BS calibration errors of Figure 2, which increase as (egs,Apg) deviate
from unity at low energy. The analysis threshold is placed at 500 eVee. The stability of B is
studied over changes of 7y within the 7-scan range of Figure 1. Measurements of B are stable
and independent of 79. High energy ~-rays from ambient radioactivity produce at electron-recoil
background at low energy. This, together with the L-shell X-ray lines predicted by the higher
energy K-peaks, are subtracted from AC~®CR~®B.
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Constraints on 0¥} are derived via the "binned Poisson” method [2] with conventional
astrophysical models [3] (local density of 0.3 GeV/cc and Maxwellian velocity distribution with
v0=220 km/s and vesc=544 km/s). The quenching function in Ge is derived with the TRIM
software.

Exclusion plot of Ui{\l versus m, at 90% confidence level is displayed in Figure 3. Bounds
from other benchmark experiments are superimposeds [4, 5, 6, 7).

We note that an excess remains in the sub-keV region not yet accounted for in this analysis,

the understanding of which is the theme of our on-going investigations.
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The MIMAC project aims at the directional detection of dark matter using a gaseous
Time Projection Chamber (TPC) which enables the measurement of the energy and the
track of low energy nuclear recoils. A 5-liter prototype has been developed and operated
during several months. In this paper, after a description of the detector and the calibration
procedure, we report the first results of the background studies.

1 Introduction

The dark matter directional detection firstly proposed by Spergel [1] consists in measuring
the direction of the nuclear recoil induced by the WIMP-nucleus elastic scattering. Given
the earth motion in the galaxy, the WIMPs of the galactic halo are expected to originate
from a preferred direction, which corrresponds roughly to the Cygnus constellation. Since
the background is supposed to be isotropic in galactic restframe, an anisotropy in the nuclear
recoil direction distribution would provide a non-ambiguous signature of WIMP interactions [2].
Phenomenological studies have shown that a 50 m? detector filled with 10 kg of CF, at 50 mbar
and operating during 3 years could reach a better sensitivity than the current limits in the
spin-dependent interaction parameter space [3]. In case of a positive signal, the measurement
of the nuclear recoil direction would also allow to constrain the galactic dark matter properties
[4]. The MIMAC project [5] is one of the current R&D projects investigating the feasibility
of the directional detection [6]. The proposed detector would be a matrix of TPC allowing
the measurement of the 3D tracks and the energy of nuclear recoils down to 20keV. A first 5-
liter prototype has been developped and operated during several months to study the detector
performance. In this paper, we first describe the current prototype. Then, we detail the
calibration procedure. Finally, we report preliminary results of the background studies.

2 The MIMAC detector

The current MIMAC prototype (see fig. 1) is composed of two TPCs sharing one common cath-
ode. Each TPC is 25 cm long and equipped with a pixelized micromegas detector (10 x 10 cm?).
Anode pixels are interconnected to constitute 512 X-Y strips with a pitch of 424 ym. Ioniza-
tion electrons created by nuclear recoils drift toward the micromegas under an electric field of
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~ 200V /cm. The electron avalanche in the micromegas thin gap (256 um) induces a current on
the strips. Every 20ns, the fired X-Y strips (i.e. with a signal higher than a given threshold)
are stored, providing two 2D images (X(t) and Y(t)). 3D tracks are obtained by combining
these two images. In addition, the current collected on the micromegas grid is also sampled at
50 MHz. The total energy deposited in the detector can be measured by integrating this signal.

Electronic
board

Leaktight
interface

X-Y strips

Field rings |
Stainless steel
chamber

X-ray tube Cu, Pb, Cd

Figure 1: (left) Design of the 5-liter prototype which is composed of two TPC sharing one
common cathode. (right) Picture of a portion of the pixelized anode.

The MIMAC detector is filled with a mixture of CF4 (70 %), CHF3 (28 %) and C4H1o (2 %).
To measure the nuclear recoil directions at very low energy (few tens of keV), the pressure
inside the detector has to be as low as 50mbar. CF4 has been chosen for its qualities as
a detection medium and because fluorine is an excellent target for the WIMP-nucleus spin-
dependent interaction. CHF3 is added to slow down the drift of ionization electrons, which
allows for a better track sampling. Finally, C4H; is used as a quencher to improve the avalanche
process in the micromegas gap. To ensure a good charge collection, the gas is permanently
recirculated through a SAES filter which removes impurities, mainly HoO and Oy molecules.

3 Detector calibration

The detector is calibrated using electronic recoils induced by X-rays. A X-ray tube operated at
20kV generates X-rays, with a continuous energy spectrum, towards copper, lead and cadmium
foils. Secondary X-rays are emitted by fluorescence at several known energies and can interact
inside the detector. The orientation of the X-ray tube is chosen in such a way that primary
X-rays cannot enter the detector volume. An example of a measured spectrum is shown in
figure 2. The spectrum is fitted very well with a sum of six Gaussian functions corresponding
to the main expected X-rays, including the ones emitted by the cobalt and iron atoms of the
stainless steel chamber. The detector resolution inferred from the Gaussian widths is about 8 %
(o) at 8keV. The right plot demonstrates the excellent linearity between 3 and 12 keV. The
relative size of lead peaks reveals that the detector becomes transparent above 10keV due to
the low pressure. Consequently, it is not possible to use this method at higher energy.
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Figure 2: (left) Energy spectrum measured with the X-ray tube and fitted with a sum of 6

Gaussians corresponding to X-ray emitted by fluorescence. (right) Linearity of the detector.

To calibrate the detector at higher energy and in nuclear recoil energy, a new device is under
development. This device, which includes an ECR source, is able to generate electrons and ions
between 5keV and 50keV. These particles are injected inside the detector via a micro hole.
This device will be also very useful to characterize all the aspects related to the energy and
track measurements (efficiencies, angular resolution, drift dependences, etc.).

4 Background studies

To reach a competitive sensitivity on the WIMP-nucleus spin dependent interaction, a very
low background is needed. In summer 2012, the detector has been installed at the Laboratoire
Souterrain de Modane (LSM) to identify the main background sources. Thanks to the gas
recirculation system, the detector could be operated remotely during several months. A weekly
calibration showed that the detector gain was very stable.

The background studies are based on event discrimination using the track and the grid
signal. There are several kinds of events. First, electronic recoils due to gamma interactions
or beta decays are the dominant background. Most of them can be rejected because they do
not have any track or only few-pixel tracks due to their low ionization density. Second, alpha
events are easily identified with their very long straight track and their large energy. Remaining
events are nuclear recoils. The length of their short tracks is correlated with energy. Nuclear
recoils below 100 keV are the most problematic background since they correspond to the WIMP
interaction signature. In this paper, only basic and preliminar cuts are used together with a
conservative threshold of 20keV while the trigger threshold is at the keV scale.

The rates of alpha events and nuclear recoil events are presented in figure 3. In normal
operation with gas recirculation, the rates are stable: about 200 alphas and 10 nuclear recoils
per hour are observed. When the recirculation is switched off, the rates decrease exponentially
with a time constant compatible with 3.8 days, the [*?2Rn] half-life. This demonstrates that the
background is dominated by radon decay, and its progeny, coming from outside (probably due
to a small leak in the pump). The corresponding contamination of the gas has been estimated
to be few 10mBq/g. Nuclear recoils that are detected correspond to the recoil of daughter
nuclei when the alpha decay happens on the edge of the TPC (anode or cathode) and when
the alpha is emitted outward from the detector. Daughter nuclei being positively charged, they
are expected to drift and to stick on the cathode. The two peaks of the nuclear recoil energy
spectrum (see fig. 3) would therefore correspond to the recoils of 2!°Pb and 2!4Pb after the
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alpha decays of 21*Po and 2!8Po. Given the theoretical recoil energies (112keV and 146 keV),
the mean energies of the peaks (32keVee and 45 keVee) result in a quenching factor of ~ 30 %,
which is a reasonable value for heavy nuclei. The constant background at higher energies could
be explained with alpha events that escape from the detector leaving only a small part of their
energy in the detector. The different components of the spectrum can be better separated
using more sophisticated cuts, on the track shapes in particular. More details will be given in
an upcoming paper.
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Figure 3: (left) Rate evolution of the alpha and nuclear recoil events. (right) Energy spectrum
of the nuclear recoil background.

To reduce the nuclear recoil background, a new recirculation pump with a better leakage rate
has been installed. The cathode has been also replaced with a thinner one (12 ym). Together
with a time synchronization of both TPC, it will help to reject nuclear recoils emitted from
the cathode since alphas should be detected in coincidence. New underground data taking is
ongoing to validate these upgrades.

5 Conclusion and Outlook

The 5-liter bi-chamber prototype, which has been developed to investigate the feasibility of
a dark matter directional detector, allows to measure the energy and the track of low energy
nuclear recoils. The detector calibration using X-ray fluorescence has demonstrated the excellent
linearity of the energy scale. The resolution is about 8 % at 8keV. The first underground data
taking in summer 2012 have shown that the dominant source of background is radon and its
progeny. Several upgrades have been performed and they are currently tested underground. If
the new level of background is low enough, the next step will be to build a detector at the cubic
meter scale.
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A distinct signature for dark matter in the form of weakly interacting massive particles
(WIMPs) would be the detection of a monochromatic spectral line in the gamma-ray sky.
The Fermi-LAT collaboration has searched for such a line in the energy range from 5 to
300 GeV in five sky regions around the Galactic centre. No globally significant line is
detected, and 95% CL upper limits on monochromatic-line strengths are presented. The
smallest search region reveals a line-like structure at 133 GeV with a local significance of
2.90 after 4.4 years of data, which translates to less than 1o global significance from a
trial factor of around 200.

1 Introduction

Today, 80 years after Fritz Zwicky’s first observation of a large content of invisible matter in
galaxy clusters, the nature of dark matter (DM) still remains a mystery. By multiple observa-
tional probes it is by now well established that within the standard cosmological model about
27% of the total energy density of the Universe is in the form of non-baryonic DM [1]. From its
presence at the time of the last scattering surface of the cosmic microwave background photons,
DM continued to cluster and virialize into extended halos and subhalos that now host galaxy
clusters and individual galaxies in their centers. The most well-studied class of models to ex-
plain the DM nature is that of weakly interacting massive particles (WIMPs). The WIMPs’
interaction with standard model particles put them in thermal and chemical equilibrium in the
early Universe. As the Universe expanded and cooled down their interactions stopped, WIMPs
were basically no longer diluted by pairwise annihilations, and they ‘froze-out’, leaving a relic
abundance of stable WIMPs that now constitute (cold) DM. The required effective annihilation
cross-section for WIMPs to produce the observed DM density turns out to be of the same! size
that can be probed by the sensitivity of current cosmic-ray telescopes. An instrument such as
the Fermi Large Area Telescope (LAT) would indirectly see these WIMPs, if their mass and
annihilation channels are favorable, as they pair annihilate in high-densities of DM halos today.

One of the main challenges of detecting signals from WIMPs is that any such signal needs
to be discriminated against backgrounds. A smoking-gun signature like a monochromatic line
in the cosmic gamma-ray energy-spectrum, caused by annihilation of WIMPs directly into two
photons, could become the cornerstone for an unambiguous discovery of a DM particle signal.
Recent claims ranging from tentative [2, 3] to strong evidence [4] for a gamma-ray line emission
around the Galactic centre in the Fermi-LAT data have already received hundreds of citations.
The publication of a careful gamma-ray line search by the Fermi-LAT collaboration [5] has
therefore been anticipated.

INotable exceptions where the WIMP annihilation strength today and at freeze-out are different are e.g.
when cross sections are dominated by p-wave, resonance, threshold, Sommerfeld or coannihilation processes.
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2 Analysis chain

2.1 The instrument

The LAT, on board the Fermi gamma-ray space telescope, is primarily a gamma-ray particle
detector for energies 20 MeV to above 300 GeV [6]. Incoming photons at these energies have a
cross section entirely dominated by pair conversion into eTe™ due to quantum electrodynamical
(QED) interaction with the nucleon fields in atoms. The LAT has therefore been constructed
with three detector systems to measure the cosmic gamma-ray flux: a converter/tracker system
that promotes the eTe™ pair conversion and measures the charged particle tracks, a calorimeter
composed of CsI(T1) scintillation crystal layers adding up to 8.6 radiation length to absorb
events’ energy and provide an energy resolution of ~10% around 100 GeV, and finally an
anticoincidence system consisting of plastic scintillator tiles that surrounds the whole tracker to
reveal and reject charged cosmic-ray backgrounds that enter the detector with up to 10° larger
rates than gamma-ray events.

2.2 Event selection

LAT gamma-ray event reconstruction and classification algorithms have received several up-
grades before and after the launch [7]. Upgrades are grouped into ‘Passes’, and each such pass
version includes various event ‘Classes’. These classes, like ‘Transient’ or ‘Clean’ , are de-
signed to be optimal for different types of analysis, and are sub-samples of events with varying
degrees of gamma-ray purity; i.e. more efficient cosmic-ray rejection can be provided at the
price of degrading the effective area. In the years 2012 and 2013 all collected data were repro-
cessed using updated calibrations in the instruments reconstruction algorithms, which resulted
in the pass P7REP data set [7]. In order to prevent cosmic-ray contamination to dominate at
high Galactic latitudes, the more selective Clean class events were used for the line search.
Additional standard quality cuts were performed [5], and only data in the energy range 2.61-
541 GeV taken from August 4, 2008 to April 4, 2012 were used for the line limit analysis and
data up to December 12, 2012 in the investigation of a line-like feature around 133 GeV. It is
worth noticing that the use of this reprocessed PTREP_CLEAN (version v10, to be precise) data
set differs from earlier published line-search studies.

2.3 Regions of interest

Gamma-ray data from five different (but nested) sky regions of interests (ROIs) were used in the
WIMP line search. These ROIs are circular regions of radius Rgc around the Galactic centre
with a rectangular region along the Galactic plane (|b] < 5° and |I| > 6°) and with known
point sources [8] (except for the smallest ROI) masked out. These sky regions are set up to
optimize the signal-to-noise ratio for different assumed DM density profiles with the signal from
annihilating or decaying DM on top of a background set by the LAT team’s standard model
for Galactic and isotropic gamma-ray diffuse emission?. The DM distributions considered are
a contracted-NFW (inner slope 7 = 1.3), Einasto, NFW, and Isothermal density profiles (as
described in [5]). These profiles define the ROIs: R3, R16, R41 and R90 with Rgc= 3°, 16°,
41° and 90°, respectively, for annihilating DM, and the full sky-region R180 for decaying DM.

2Specifically, gal 2yearp7v6 v0.fits and iso p7v6clean.txt, available at http://fermi.gsfc.nasa.gov/ssc/data/
access/lat/BackgroundModels.html
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2.4 Model of the energy dispersion

WIMPs in our Galaxy are primarily non-relativistic (with velocities < 10~3¢), therefore anni-
hilations or decays into monochromatic photons in the center-of-mass frame become negligibly
Doppler shifted and would thus be detected as a perfect spectral line by the LAT (as its energy
resolution is ~5-15% > 1073). The LAT deploys two separate energy reconstruction algorithms,
and a classification-tree scheme is employed to determine event-by-event which algorithm gave
the best energy measurement.

A notable analysis improvement (~15% in sensitivity) compared to previous line searches
[9] is achieved by employing a dispersion, or energy probability distribution, model on an event-
by-event basis. Each event is assigned a dispersion function Deg(E’) based on its reconstruction
quality P (an event quality quantifier arising from the event reconstruction algorithms [7]).
The Deg can for each E and Pg be well parametrized by a triple Gaussian function:

3
: _ Ak —((E'/E)—(1+ux))? /207
Deg(E';E, Pg) =Y ————¢ ko (1)
| oV 2T

with the 9 parameters ay, and p (constrained by a1 + as + a3 = 1) determined from GEANT4/
GLEAM [10] based detector simulations. This 2-dimensional approach (2D as it is a function
of both energy E and Pg) is particularly good when the number of signal events are low, as it
provides a better description of expected energy dispersion of the actually observed events.

2.5 Fitting method

For the line search, the null hypothesis for the energy spectrum is a single power law, with
exponent I'yke and flux normalization nyig as free parameters, whereas the signal hypothesis
adds a monochromatic line signal with free normalization ngg. An exposure correction 7(E’)
must be applied to the energy-extended background before it is fitted against observed counts
data, while this is already accounted for in the effective dispersion of the line signal. The model,
including a line at energy F., is given by

/

—T'bkg

C(E',Fel) = g Dur (B By Pous(Pe) + v () 0B unss(Pe), (2
where & represent the model parameters £, I'ykg nsig and npig. The 2D dispersion model
turns out to effectively absorb the otherwise significant variation in Deg depending on photons’
incident-angles to the LAT. This, when taken together with LAT’s fairly uniform exposure of
various pointing angles of the full sky and a narrow energy band for each line fit (see below),
means that the expected probability distributions w(Pg) of Pg for signal and background could
be factored out and taken to be approximately equal. Moreover, with wsis(Pg) = Whke(Pr) =
wRO(Pg) the otherwise subtle ‘Punzi effect’ [11] becomes absent.

A sliding energy-window technique is then used, where each line fit is performed in separate
energy bands of +60 around E., (where o is the energy resolution®). The background model
of a single power-law is a good approximation in such narrow energy windows. In fact, the use
of narrow windows is a way to trade systematic uncertainty in the background model for larger
statistical uncertainties. Energy steps of 0.50 are taken to scan over all E, values.

30 is defined as the half-width of the +34% containment about the peak value at E. of the energy dispersion

for on-axis events.
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For a given E,, the best-fit values of I'hkg, Nsig and npke (with the restriction of ngz > 0)
are given by maximising the following extended likelihood function for n unbinned events

n

_Ctot
e
C =

n!

where Cloy is the total number of v rays predicted by the model. In practice, binned fits are
performed for E., < 25 GeV to speed up calculations.®

2.6 Statistic interpretation
The test statistic is constructed by the maximum likelihood ratio,

E(nsi = TN best)
TS =21 ] & . 4
T L(ngg = 0) )

The application of Chernoff’s theorem [12] predicts that the TS distribution is %é(TS) +
%X2 (TS), with x? of one degree of freedom. The local significance, in units of standard devia-
tions (o), is then defined® as the square-root of TS:

Slocal = V TS. (5)

A line is fitted at 88 different E., values in R16, R41, R90 and R180, and 44 in R3%, giving
a total of 396 trial fits. These trials are not independent, as ROIs are nested and energy steps
not fully separated. The effective number of trials is (¢f. trial factor = pgiobal/Piocal)

IOg(l - pglobal) (6)

nt(Sm) = log(l _plocal) ’

defined from the two p-values pgiobal and piocal that are, respectively, the probability of a local
trial to have a v/T'S larger than some value s,, and the global (i.e. post all trials) probability
that the maximal v/T'S is larger than s,. Empirically, from performing pseudo experiments on
1000 Monte Carlo generated background simulations, it was found that an effective number of
trials n; ~ 198+ 6 gives a very good description for conversion from local to global significance.

3 Results

The local significances, defined in Eq. (5), for all tested energies and the five ROIs are shown
in the left panels of Fig. 1. The largest significances are found at 135 GeV in R3 and at 6.3
GeV in R180; with significances sjoca1=3.20 and 3.10, respectively. A finer grid scan (0.1log
steps) revealed that the best-fit is at 133 GeV, with sjoca1 = 3.30 and signal-to-background
ratio frs = 0.61 £ 0.19. However, taking into account that the effective number of trials is
about 200 (or about 300 for the finer 0.10f steps) in the search for a spectral line in the data,
their global statistical significances are less than 2.

4By the use of 60 bins, which is much narrower than the energy resolution, the information loss is negligible.

5Significance, expressed as N standard deviations, will be defined by % f]f,% x2(z) dz = p-value.

6Energies were restricted to above 30 GeV in R3 to avoid complication due to a comparably large LAT
point-spread-function and the many known point sources at the lowest energies in this ROL
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Figure 1: LEFT PANEL: Local fit significance vs. line energy in all five ROIs. The dashed line
at the top of the plot indicates the local significance corresponding to 1.7¢ global significance®
derived with n, = 198 in Eq. (6). RIGHT PANEL: 95% CL ®., in the R16 ROI (black).
Yellow (green) bands show the 68% (95%) expected containment derived from 1000 single-
power law (no DM) MC simulations. The dashed lines show the median expected limits from
those simulations.

An upper limit on ngge(E,) is set at the point when the logarithm of the likelihood in
Eq. (3) is decreased by factor 1.36 compared to its maximal value. This corresponds to a 95%
confidence-level (CL) upper limit on ng, (bounded to be positive). A limit on ng, can then be
directly converted to a 95% CL upper limit on the line flux by

_ Nsig(E)
(I)’W(EV) gROI(E'y) )
where Egoy is the LAT average exposure for the relevant ROI. The upper limits on line fluxes
in region R16 are shown in the right panel of Fig. 1.

To translate a flux limit into a velocity averaged annihilation cross section ({ov)) or decay
life-time (7) limit requires the integrated signal contribution along the line-of-sight (s) and solid
angle (2) spanned by the ROI. The differential 4-ray flux from annihilation of self-conjugated
WIMPs is:

(7)

d®,, 1 (ov) dN, . B n

i~ &% mp dE J, with Jf/pDMdsdQ, (8)
where m,, is the WIMP mass, and n = 2 in the exponent of the DM density (ppwm) in the
‘J-factor’. Prompt annihilation into two photons yields dN, /dE = 2§(E, — E) with E, = m,,.
Integration over the energy E is trivial, and a bound on ®.. directly translates to a (ov)
bound for a given J value. Figure 2 shows the limits from the contracted NFW profile and
the Einato profile; with Jrs = 13.9 - 10?2 GeVZcm ™ and Jrig = 8.48 - 1022 GeVZem™® in
their optimized ROI. In the case of decaying DM into one monochromatic photon, perform
the following replacements (ov) — 1/7, n — 1, m,, — m,/2, and dN, /dE = 6(my/2 — E) to
calculate ®..
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Figure 2: 95% CL (ov)~~ upper limits for our contracted NF'W and Einasto DM profile in ROI
R3 and R16, respectively. Colored bands and lines are defined as in Fig. 1. The solid gray line
shows the limits derived in [3] for a comparable ROI and identical DM density profile.

3.1 Systematic uncertainties

Systematic uncertainties are not included in the presented limits, therefore it is important to
investigate how much this could alter the results. Table 1 summaries the potential size of such
effects, where uncertainties have been split into three classes [5]:

1. Those that would induce a false signal or mask Quantity Energy ~ R3/R16  R180

a true signal 0 f; from e.g. unmodeled varia- of 5 GeV +0.020  +0.008

tion in the effective area, imperfect background of 50 GeV +0.024  £0.015

model and cosmic-ray contamination. of 300 GeV £0.032  +0.035
Onsig/Nsig Al 5.9 .93

2. Those that would scale the fit estimates of the
number of signal counts dnge; from e.g. imper-
fect line dispersion model and F., grid spacing.

SEJE 5 GeV +£0.10  +0.14
SEJE 300 GeV  +£0.10  +0.16

3. Signal to flux conversion uncertainties 6&; from Table 1: Magnitude of systematic effects, by
exposure and effective area uncertainties. ROI and Energy, where all contributing un-
certainties have been added in quadrature.

One can now see that the systematic uncertainty J f in R180 at low energies is of the order
1%, which therefore could be an explanation for the 3.10 signal significance seen at 6.3 GeV
that had f = 0.010 £ 0.002. The signal fraction for the 135 GeV feature is, on the other hand,
f=0.58+0.18 in R3 and thus much larger than known systematic effects. Notably, a spectral
structure at 133 GeV with a significance of 2.00 is also found in Earth albedo/limb data, which
is used as a (DM free) bright gamma-ray control-region. This could indicate an instrumental
issue at 133 GeV, but due to its much smaller signal-to-background fraction f = 0.1440.07 and
no line-like structure detected in a second control region, the Galactic plane, the line-like signal
around the Galactic center cannot unambiguously be attributed to any instrumental effect.

3.2 Line-like feature at 133 GeV

The most significant fit from the line search was at £, =135 GeV in the R3 search region. Several
steps in investigating the significance and properties of this spectral structure have been made.
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Figure 3: Fit for a line-signal signal at 133 GeV in R3 using a 4.4 year P7TREP_CLEAN dataset
with the 2D energy dispersion model. The solid curve shows the average model weighted using
the Pg distribution of the fitted events. The data binning is only for visualization purposes.

The impact of various changes in datasets and modeling the signal can be summarized as:

e 3.7 years P7_CLEAN (un-reprocessed) data with a 1D dispersion (no use of Pg) line fit gives:
Slocal = 4.50 at 130 GeV.

e 3.7 years PTREP_CLEAN (reprocessed) data with a 1D dispersion (no use of Pg) line fit gives:
Slocal = 4.10 at 133 GeV.

e 3.7 years PTREP_CLEAN (reprocessed) data with a 2D dispersion (including Pg) line fit gives:

Slocal = 3.30 at 133 GeV.
e 4.4 years PTREP_CLEAN (reprocessed) data with a 2D dispersion (including Pg) line fit gives:

Slocal = 2.90 at 133 GeV.

The first point allows a good comparison to previous works and, even if e.g. our ROI differ
somewhat from others works [3], it is clear that a local significance of above 40 can be reached
with this setup. In the next point, when reprocessed data is analyzed, the significance becomes
about 10% smaller. Gamma-ray events might switch classes [13] due to reprocessed data, and
it is only about 70-80% overlap of events in P7_CLEAN and P7REP_CLEAN. The shift of E., of 130
to 133 GeV is due to the correction of a known ~1% per year degrading in light yield efficiency
in the calorimeter crystals. The next point incorporates the switch to the 2D dispersion model
given in Eq. (1), which decreases the significance by around 20%. The actual events around 133
GeV have lower Pg on average than expected, which cause the dispersion function to broaden
and lower the likelihood value for events close to 133 GeV. In Fig. 3 it is clearly visible how the
line-like feature seems narrower than the expected LAT energy dispersion. To quantify this, a
rescaled energy width of our 2D dispersion was tested. The best-fit result was to rescale the
width by a factor s, = 0.32*_'8:(1)%, which also increased T'S by 9.4. Pre-launch beam tests show
however that the width is known within 10% up to 280 GeV, and this ~0.32 times narrower
dispersion functions is thus inconsistent with the pre-measured shape at the 2-30 level. Finally,
the last point includes more data (extending from 3.7 to 4.4 years) which further reduces the
significance by about 10%, to a local significance of 2.9¢.

It is worth mentioning that the actual amount of change in significance depends on the
specific ROI. For example, for Weniger’s analysis in his Region 3 [3], the impact of going from
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P7_CLEAN to P7REP_CLEAN dilutes the original significance of 4.30 to 2.80, and then by utilizing
a 2D dispersion model to 2.40, and finally by also extending to 4.4 years of data diminishes the
local significance furter to 2.0 [14]. All these additional tests around E,=133 GeV are outside
the original line search, so their contribution to the trials factor is difficult to estimate precisely.
It is however clear that taking the 2D dispersion model, applied to the 4.4 years reprocessed
data-set, gives a 2.9¢ local significance, which is less than a 1o global significance when a trail
factor of ~200 is applied.

4 Summary and outlook

The hint of a line signal around 130 GeV towards the Galactic centre has resulted in enormous
interest, as it could be a long-sought WIMP DM signal. The Fermi-LAT Collaboration has
searched for spectral lines from 5-300 GeV in five ROIs without finding any globally significant
lines. A line-like feature at 133 GeV with a signal-to-noise fraction larger than known systematic
effects is present. However, with reprocessed PTREP_CLEAN data, improved 2D line dispersion
model and including 4.4 years of data the local significance is 2.90, which translate to a global
significance below lo. A statistical fluctuation is therefore a possible explanation. It will be
very interesting to re-perform a line search with Fermi-LAT’s upcoming Pass 8 data set [15],
which will provide a larger effective area and the benefit of having almost all event reconstruction
algorithms rewritten. The Fermi users’ group has also already endorsed a recommendation that
the Fermi mission undertake a new observing strategy that emphasizes coverage of the Galactic
center region from December 2013 — which would lead to, on average, a doubled exposure rate
of the region around the Galactic centre compared with the currently used survey mode.

M.G. is supported by the Belgian Science Policy (IAP VII/37), the IISN and the ARC project.The Fermi LAT
Collaboration acknowledges support from a number of agencies and institutes. These include NASA and DOE
in the United States, CEA /Irfu and IN2P3/CNRS in France, ASI and INFN in Italy, MEXT, KEK, and JAXA
in Japan, and the K. A. Wallenberg Foundation, the Swedish Research Council and the National Space Board in
Sweden. Additional support from INAF in Italy and CNES in France for science analysis during the operations
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Henning Gast gave a talk on new results of the AMS-02 detector onboard the ISS. Three
weeks after the Patras Workshop in Mainz, updated AMS results were presented at the
33rd International Cosmic Ray Conference (ICRC) and are described in the corresponding
proceedings in detail.

For convenience of the Patras participants, the editors collected the following links to the
respective AMS publications in addition to the slides that are available on the conference

website.
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We consider extended versions of the Einstein-Maxwell-axion model based on the La-
grangian, which is linear in the pseudoscalar (axion) field, linear or quadratic in the gradi-
ent four-vector of the axion field, linear in the Riemann tensor, and includes the four-vector
of macroscopic velocity of the system. We discuss applications to four problems, which
are connected with axion-photon-graviton coupling in the anisotropic Bianchi-I cosmology,
optical activity in the isotropic Friedmann-type universe, non-minimal effects in the plane
gravitational waves background, and evolution of terrestrial magnetic and electric fields in
the axion dark matter environment.

1 Introduction

Fundamentals of the theory of axions, massive particles, which were predicted by Peccei and
Quinn [1] and introduced into the high-energy physics as new light pseudo-bosons by Wein-
berg [2] and Wilczek [3], are well-described (see, e.g., [4]-[6]). We are interested in extension
of the theory of coupling between electromagnetic and pseudoscalar fields based on axion elec-
trodynamics [7]-[10]. Why do we think that the extension of the axion-photon coupling theory
is necessary? The main argument is that natural and artificial electromagnetic waves propa-
gate (hypothetically) in the axionic dark matter environment, which has to be considered as a
quasi-medium. This axionic quasi-medium has to be chiral, since the axion-photon interactions
are predicted to induce the effect of polarization rotation. This axionic quasi-medium has to
be non-stationary because of cosmological (accelerated) expansion. Also, it should be spatially
non-homogeneous and anisotropic, since the density of the dark matter depends on the distance
to the Galactic center. But, if we deal with an axionic quasi-medium, we have to describe the
axion-photon coupling in terms of axion electrodynamics of continuous media rather than in
terms of vacuum electrodynamics. This means that the theory of axion-photon coupling has
to involve into consideration the velocity four-vector of the system as a whole, U?, and its
covariant derivative V,;Uyg, thus predicting, respectively, the existence of dynamic and dynamo-
optic phenomena in the electromagnetic system. Besides, in addition to the pseudoscalar field
itself, ¢, this theory has to include the gradient four-vector of the pseudoscalar field, V;¢. The
quantity ¢ = UV, is responsible for the non-stationarity of the effect of axionically induced
optical activity; the spatial part of this gradient, describing inhomogeneity and anisotropy of
the system, can be the reason of axionically induced birefringence.
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2  On the scheme of the theory extension

The standard Einstein-Maxwell-axion theory is based on the Lagrangian
h 4 1 1 mn * mn 1 2 m 2
S = p d*z\/—g o [R+2A] + 1 [Frpn """+ F), F™"] — 5\110 [vm¢v o=V (¢ )} .

The extension of the electromagnetic part of this Lagrangian can be made by the replacement
1

1 . )
4 [anF”Ln—’_(bF:lnan] = *quan . Cpqmn [ng7 Uza ViUk:a ¢7 Vi¢7 Rikmn} )

4

where the linear response tensor CP?™" depends now not only on the metric g;x, and on the
pseudoscalar field ¢, but also on the macroscopic velocity U?, its covariant derivative V,;Uj, on
the gradient four-vector V,;¢, and finally, on the Riemann tensor R;x.m,, and its convolutions.
Similarly, the axionic part of the Lagrangian can be extended as follows:

1 1 , ,
SUVmoVTe = SWEVnoVae C (g, U', Villk, Fyg, Rikmn)] -

The tensor C™" in principle can be a linear function of the Maxwell tensor F,,. Let us consider
three simplest examples in order to illustrate the idea of the model extensions.

2.1 The model linear in the axion field and its gradient four-vector

The simplest model is linear in the pseudoscalar field ¢ and its gradient four-vector, V;¢. As
it was proved in [11], all possible variants of this type can be reduced to the model with the
linear response tensor of the form

Cilmnn _ % (gimgkn _gvngkm) _’_%Ezkmn (¢ Ny U’Vld))

with one new coupling constant v introduced phenomenologically (here ¢ is the absolutely

skew-symmetric Levi-Civita tensor). In this model only the structure of the tensor of magneto-
electric cross-effect, v, is changed:

me _ Gikquinkann — _A;" (¢ + 1/¢)) , A;T — 5;” _ UpUm,

and the new term v¢ describes a non-stationarity in the polarization rotation effect induced by
the axionic dark matter [11].

2.2 The model quadratic in the gradient four-vector of the axion field

This model is the two-parameter one [12], and it is described by the linear response tensor
tkmn 1 im kn in km 1 ikmn Az i[myon| k k[nxym] %

O = 2 (g g =g g ) (LM V0V ) + 564 2 (g1 lgT g g v )

The corresponding dielectric permittivity tensor

. . L 1 1 9 1 J_/, 1
ELm — Azm 1 +)\1vq¢vq¢+ <>\1 _|_ 2)\2> d) :| + 5)\2vL¢vm¢’
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and the tensor of magnetic impermeability
. 5 1 L1 1 L 1
(877) i = Dim [1 +A1d? + (Al - 2A2) VW%} — 52VioVne

1L
become anisotropic, when the spatial part of the gradient four-vector V;¢ = A¥V;¢ is non-
vanishing. This means that axionic dark matter is (in general case) a birefringent quasi-medium.
As for the tensor of magneto-electric cross-effects

pm pm 1 i _pmkq L
e A §>\2¢ € Uq Vi,

it demonstrates the possibility of a new type of optical activity, which can be realized, when
the axionic dark matter is non-stationary and non-homogeneous simultaneously.

When we consider the applications to homogeneous cosmological models (anisotropic model
of the Bianchi-I type with magnetic field, or isotropic model of the Friedmann type, see [12,
11]), we obtain the following expressions for the permittivity scalars and refraction index,
respectively:

L+ (M + 3X) ¢?
14+ 2

e(t) =1+ (Al + ;Az) ¢?, ﬁ = 1+M6%, n2(t) = e(t)u(t) =

Keeping in mind that the quantity d.>2 can be expressed using the mass density of the axionic
cold dark matter pmpy) as ¢ = c2\I/an(DM) (see [12]), we obtain useful phenomenological
formulas for the refraction index of the axionic dark matter as a function of cosmological time,

and of the phase velocity vph:ﬁ of the electromagnetic waves, which propagate in the axionic

dark matter quasi-medium. The obtained function n?(t) can be (in principle) negative during
some epoch, and because of axion-photon coupling in this (unlighted) epoch the electromagnetic
waves do not propagate in the Universe, do not scan its internal structure and can not bring
information to observers (see [13] for details).

One of the most important consequences of the gradient-type model of the axion-photon
coupling is the following. Backreaction of the electromagnetic field on the pseudoscalar field
evolution is shown to produce inflationary-type growth of the number of axions in the early
Universe, and these axions become relic at present time and form now the axionic dark matter.

2.3 Non-minimal models

Non-minimal Einstein-Maxwell-axion models can be obtained, if the linear response tensor
) 1, . ) 1 . . 1 : :
k k k k k wik « ik

is equipped by the terms R™™" and y{{§™" linear in the Riemann tensor Rigmn, Ricci tensor
R;; and Ricci scalar R (see [14, 15] for details). The analysis of such models in application
to the problem of gravitational wave action on the axion-photon system shows, that when the
axion field is constant ¢ = ¢(0), and thus is hidden from the electrodynamic point of view,
the coupling to curvature removes the degeneracy with respect to hidden pseudoscalar field,
providing visualization of the effects of birefringence and optical activity induced by axion-
photon coupling.
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3 Outlook

Analysis of the extended models of axion electrodynamics shows that there is a chance to verify
experimentally the predictions of the model of interaction of terrestrial magnetic and electric
fields with the relic axion background (see [16] for details). The idea, based on the corre-
sponding exact solutions, is the following. Relic dark matter axions produce in the terrestrial
electrodynamic system oscillations of a new type, which belong to the class of longitudinal
magneto-electric clusters. These oscillations have the following specific feature: the electric
and magnetic fields are parallel to one another and are coupled by axion field; in the absence
of axions such oscillations decouple. Electric and magnetic fields of this type are correlated,
and the oscillations are characterized by identical frequencies. Generally, there are two sets of
hybrid frequencies of longitudinal oscillations, which belong to the range va ~ 1072 — 10~ °Hz.
Optimistic estimations of the dimensionless parameter £, which characterizes the ratio between
the amplitude of axionically induced electromagnetic oscillations and amplitude of their (elec-
tric or magnetic) sources, give the value of the order £ ~ 107 for the mass density of the dark
matter in the Solar system of the order pipn) =~ 0.033 M(SHH)pc_?’ and for the axion-photon
coupling constant gayy ~ 1079GeV ™!, We are waiting for the first results of the experiments
with infra-low frequency variations of the terrestrial electric and magnetic fields, which are
organized in the Vladimir University (Russia), and hope to find fingerprints of relic axions in
the correlated components of the signals of longitudinal electric and magnetic field variations.
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Gauge bosons associated to new gauge symmetries under which the standard model parti-
cles are not charged are predicted in many extensions of the standard model of particles and
interactions. We show that under very general conditions, the average energy-momentum
tensor of these rapidly oscillating vector fields is isotropic for any locally inertial observer.
This result has a fundamental importance in order to consider coherent vector fields as a
viable alternative to support models of dark matter, dark energy or inflation.

1 Introduction

Despite the large improvement in our knowledge about cosmology in the last decades, there
are various puzzles associated with basic features of the history of the universe. For instance,
observational data favour the existence of inflation in the early universe, or the existence of
dark matter and dark energy at later times. However, the intimate nature of these components
remains undetermined. A possible solution to these questions has been formulated in terms
of coherent rapid oscillations of bosonic fields. In this context, scalar models have been tradi-
tionally proposed for inflation [1]. Scalar massive particles, such as axions [2], or other massive
scalar [3] or pseudoscalar particles [4] have been considered standard candidates as non-thermal
relics. Oscillating scalar fields have also been studied as dark energy models [5].

2 Hidden vector models in cosmology

The same approach to these open questions is offered by vector fields. Indeed, a large number
of vector models have been studied in relation with cosmology [6]. For instance, inflationary
models can be supported by vectors [7, 8, 9, 10, 11, 12]. Isotropic and homogeneous triad
configurations of non-abelian vector gauge bosons have been recently considered as a viable
model that can be supported even by the standard QCD action [13] (read [14] however).

Vector modes have been also studied as the origin of metric perturbations in the so called
curvaton scenario [15]. Coherent oscillations of massive vector fields have been analyzed as non-
thermal dark matter candidates in [16] and its phenomenology merges within general hidden
photons models [17, 18, 19]. There are also a rich variety of vector dark energy models, with
potential terms [20] or without them [21].
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Figure 1: Graphical representation of different energy components of a scalar field (left), spatial
components of a vector field (center) and its temporal component (right) for a quartic poten-
tial. In particular, one can observe the evolution of the average pressure along the three spatial
directions p (grey line), energy density (blue dashed line) and average pressure (p) = (p)/3
(black line). The evolution is compute in a radiation dominated-universe, the y-axis is normal-
ized to the initial value p(tj) and time, ', is in H; ' units. For this concrete case, the spatial
components of a vector field verify (p) = p [26].

3 The isotropy problem

However, there is a generic problem associated to cosmological vector models. The dynamics of
a homogenous vector field is necessarily anisotropic and these models are generically excluded
by anisotropy constraints imposed by CMB observations. In any case, there have been several
proposals in the literature to solve this isotropy problem. As we have already commented
in the previous section, the presence of several vector modes can compensate their intrinsic
anisotropy by tuning their global structure. In particular, triad configurations corresponding
to SU(2) gauge groups have been extensively studied [22, 23, 24, 25, 13].

A simpler solution arises if only the temporal components of the vector fields are allowed
to evolve [21]. On the other hand, the isotropy violation of vector models can be alleviated by
increasing the number of vector modes. A large number N of randomly oriented vector fields
reduce the amount of anisotropy by a factor 1/v/N [g].

4 Averaged isotropy of rapid evolutions

Another possibility was analyzed in Ref. [15], where it was shown that a homogenous linear
polarized Abelian coherent vector mode, oscillating with a quadratic potential, has associated
an isotropic averaged energy-momentum tensor.

This idea has been recently extended to any kind of polarization and potential by means
of the isotropy theorem [26]. In fact, it has also been shown to be independent of the Abelian
character of the vector field. The theorem guarantees the isotropy of the averaged energy-
momentum tensor for any type of initial configuration provided that the vector evolution is
bounded and rapid compared to the metric evolution. A paradigmatic case is provided by
massive vector fields with masses larger than the Hubble parameter in a Robertson-Walker
geometry, but there is a large number of possibilities (see Fig. 1 for a different example).
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5 Conclusions

Coherent homogeneous vector fields can be the origin of the unidentified cosmological con-
stituents, such as the inflaton, the dark matter or the dark energy. This possibility is thought
to suffer important constraints on anisotropies imposed by different astrophysical observations.
However, a general isotropy theorem for vector fields have proved that this is not the case for
models based on bounded rapid vector evolutions.
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We review how axion-like particles (ALPs) naturally emerge in the low-energy effective
field theory of string compactifications. We focus on the study of their mass spectrum and
couplings, stressing that they depend on the mechanism used to fix the moduli. We present
concrete examples where either open or closed string modes behave as QCD axions which
do not overproduce cold dark matter. Relativistic ALPs can also be produced by the decay
of the lightest modulus which drives reheating. These ALPs contribute to dark radiation
and could be detected via axion-photon conversion in astrophysical magnetic fields.

1 Axions and strings

1.1 Axions as probes of high energy physics

The QCD axion aqcp is the most plausible explanation of the strong CP problem. Its mass
and couplings to ordinary particles are set by its decay constant fuq, which must lie in the
phenomenologically allowed window 10° GeV < faqep S 102 GeV, where the lower bound
comes from the non-observation of cooling of stars due to axion emission, while the upper
bound is due to the overproduction of axionic cold dark matter (DM).

Note that the upper bound is somewhat looser since it assumes a standard post-inflationary
cosmological evolution which does not apply to cases where ordinary particles are diluted by
the decay of new gravitationally coupled scalars. In particular, axionic DM can be diluted if
this decay leads to a reheating temperate below the QCD phase transition, T, < Aqep =~ 200
MeV. The case of maximum dilution is obtained when T}y, is just above Big Bang Nucleosyn-
thesis (BBN), Ty, 2 Tgsn ~ 3 MeV, which raises the upper bound to foqe, < 10M GeV [1].
Larger values of fuqcp, require some tuning of the initial misalignment angle. Moreover, the
transparency of the universe for TeV gamma-rays [2] and the anomalous cooling of white dwarfs
[3] point together to a very light ALP with an intermediate scale decay constant.

All these constraints reveal that axions are associated with a very high energy scale. Hence,
it is natural to search for them in beyond the Standard Model (BSM) theories like string theory.
In fact, the low-energy limit of string compactifications yields an effective field theory (EFT)
with promising QCD axion candidates [4, 5], or even an ‘axiverse’ containing a plethora of light
ALPs with a logarithmically hierarchical mass spectrum [6]. The strongest constraint on the
axiverse comes from the production of isocurvature fluctuations during inflation. Their fraction
with respect to the total amplitude of adiabatic plus isocurvature fluctuations is fisc < 0.039
at 95% CL [7]. If all DM consists of axions, fis is set by the inflationary scale Hiy¢, the axion
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2
decay constants f,, and the initial misalignment angles 6;: Biso ~4-107 ", (;IT;) <4-1072,
Considering n, axions with f,, = f and 6; = 6 Vi = 1, ..., n,, the previous constraint becomes
[z /na/ (30) 10° Hine. The inflationary scale sets also the amplitude of the tensor modes.
In particular, a detection of gravitational waves by the Planck satellite would imply His =~
Mgyt ~ 106 GeV, which, in turn, would rule out the axiverse since it would require f > 102
GeV (for ng ~ O(100) and 6 ~ O(w)). Notice that such a high inflationary scale would be a
problem also for cases with just one light axion, the QCD axion, if it contributes to DM and
its initial misalignment angle is not tuned to small values.

Due to this interesting possibility to put stringy ideas to experimental test, it is crucial to
give a solid answer to each of the following questions:

1. What kind of ALP masses and couplings should we expect from string compactifications?
Is it generic to obtain an axiverse?

2. Can we build concrete examples of globally consistent semi-realistic chiral models with
stabilised moduli and an explicit QCD axion candidate?

3. What can be the role played by additional ultra-light axions? How can we detect them?

This last question is particulary important since string theory naturally provides particles which
can behave as the QCD axion, even if its presence might be considered as required only by the
solution of the strong CP problem, and so as a feature of BSM theories which have no relation
to string theory. On the other hand, ultra-light ALPs do not play any réle in the solution of
the strong CP problem. Hence, they can be considered as truly stringy predictions since their
presence in BSM theories does not seem to be needed for any fundamental purpose.

1.2 Axions from string compactifications

The massless spectrum of any string theory contains antisymmetric forms whose Kaluza-Klein
reduction gives rise to ALPs in the low-energy 4D theory. These axions are closed strings living
in the bulk which come along with shift symmetries inherited from higher-dimensional gauge
symmetries. They are the imaginary part a of a complex scalar field T' = 7 + ia, where 7 is the
‘saxion’ field. This is a modulus whose vacuum expectation value (VEV) determines the size
of the extra dimensions and key-features of the EFT like gauge and Yukawa couplings. The
saxion 7, if long-lived, can cause a cosmological moduli problem (CMP). In fact, when H ~ m.,
7 starts oscillating around its minimum and stores energy. Given that it redshifts as matter, it
quickly comes to dominate the energy density of the universe. When 7 decays at H ~ I’ ~ e?m,,
where € = 1\77/}; < 1, it reheats the universe to a temperature of order Ty, ~ €'/?m,. Requiring
Tin > TBBN, one obtains a strong lower bound on the modulus mass: m, 2 O(50) TeV.

The number n, of these ALPs depends on the topology of the extra dimensions and for a
generic Calabi-Yau (CY) one has n, ~ O(100). In type II theories, some of these axions are
removed from the low-energy spectrum by the orientifold projection which breaks the N' = 2
4D theory down to a chiral A' = 1 theory. However, this operation does not significantly change
the order of magnitude of the number of closed string axions left over.

Axions also arise as open strings living on space-time filling branes which wrap some of
the extra dimensions and support visible or hidden gauge theories. These ALPs are phases v,
of matter fields C' = |C| e« whose radial part breaks an effective global Peccei-Quinn U(1)
symmetry by getting a non-zero VEV via D-term stabilisation. The number of these open
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string axions depends on the details of the brane set-up and it can also be rather large in cases
with large numbers of branes (if allowed by tadpole cancellation).
The dynamics stabilising the moduli determines which of these axions can be kept light:

e D-term stabilisation: In the presence of an anomalous U(1), one has a D-term scalar
potential which schematically looks like (assuming just one charged open string mode C):

Vo ~g*(IC]>—€)?, (1)

where ¢ is the Fayet-Iliopoulos (FI) term that depends on the closed string modulus 7
charged under the anomalous U(1). Setting the D-terms to zero implies |C|* = £(7). In
turn, the gauge boson gets a Stiickelberg mass by eating up the axion corresponding to
the combination of |C| and 7 fixed by the D-term condition:

My~ g [ 4 (75 2

where the open and closed string axion decay constants foP® and fc°%¢d are given by:

2 OPK
~ 577 (3)

0 }
(e =(OPy == |G| and (7o)

Here K is the Kéhler potential of the 4D A" = 1 EFT. If foPen > fclosed 'the combination
of moduli fixed by D-terms is mostly |C| and ), is eaten by the anomalous U(1). If
instead foPen < felosed " the modulus frozen by D-terms is 7 and the axion eaten is a.
Note that the U(1) mass generated in this way is in general of order the string scale.

o F-term stabilisation: The axion a enjoys a shift symmetry a — a + const which is broken
only by non-perturbative effects. On the contrary, the saxion 7 is not protected by any
symmetry, and so can develop a potential at both perturbative and non-perturbative level:

1. If 7 is fixed by perturbative effects, then a is exactly massless at this level and its
direction is lifted only by subleading non-perturbative effects. In this case 7 and a
are stabilised by different effects, and so their masses can be different. In particular,
7 can satisfy the cosmological bound m, = O(50) TeV with a almost massless.

~

2. If perturbative effects are made negligible by tuning some parameters, both 7 and
a are fixed at non-perturbative level. Hence they get a mass of the same order of
magnitude, rendering the axions too heavy: m, ~ m, 2 O(50) TeV. These masses
are generically of order the gravitino mass mg/2, and so if m, is lowered to smaller
values relevant for phenomenology like m, ~ O(meV) (assuming a solution to the
CMP), one would obtain a tiny scale of supersymmetry (SUSY) breaking.

These considerations imply that very light axions can arise in the 4D EFT only when some
moduli are fixed perturbatively. Moreover, stringy instantons or gaugino condensation
should not develop a mass for the axions which is too large. In the case of the QCD
axion, these non-perturbative effects should not be larger than QCD instantons.
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1.3 Axions and chiral model building

In order to find a viable QCD axion from string theory, besides understanding how to keep the
axions light, one should also embed QCD in CY compactifications. More generally, one should
build consistent compact models with stabilised moduli and chiral non-Abelian gauge theories.
Type II theories seem to be a promising framework to achieve this goal because MSSM-like
theories live on localised objects called D-branes. Chiral model building becomes therefore a
local issue, and so decouples from moduli stabilisation which is a global issue. This allows a
separate study of the two problems with the idea of combining the two independent solutions.
Focusing on type IIB compactifications, semi-realistic chiral models can be built using:

1. Intersecting fluxed D7-branes wrapping cycles in the geometric regime;
2. Fractional D3-branes at CY singularities obtained by shrinking some cycles to zero size.

The decoupling between chirality and moduli stabilisation is actually only a leading order effect
since various tensions arise once chiral models are embedded in explicit CY constructions. A
stabilisation scheme which avoids all these tensions is the LARGE Volume Scenario (LVS) [8]
which allows the construction of globally consistent compact models where the visible sector
can be either in the geometric [9] or in the singular [10] regime.

1.4 Axions and moduli stabilisation

In LVS models, the moduli are fixed by the interplay of all possible contributions to the scalar
potential: tree-level background fluxes, D-terms, o’ and g, perturbative corrections, and non-
perturbative effects. This allows us to illustrate the implications of any moduli fixing effect for
the dynamics of the axion fields [5]. Let us summarise the LVS strategy to fix the moduli:

e The dilaton and complex structure moduli are fixed at semi-classical level by turning on
background fluxes. The VEV of the flux-generated superpotential is naturally Wy ~ O(1).

o The h'! Kihler moduli T; = 7;+ia;, where 7; is the volume of the i-th internal 4-cycle and
a; the corresponding axion, are flat directions at tree-level due to the no-scale cancellation.

e The scalar potential for the T-moduli can be expanded in inverse powers of the CY volume
V. For V > 1 (as required to trust the EFT), the dominant effect comes from D-terms.

e For vanishing open string VEVs, d combinations of T-moduli are fixed by the D-term po-
tential, and so d axions get eaten by anomalous U(1)s. If d = h''!, the D-term conditions
force the CY volume to collapse to zero size. Thus one has to choose a brane set-up and
fluxes such that d < h'!. In this case, D-term fixing leaves h''! —d > 1 flat directions.

e n,, del Pezzo (dP) divisors generate single non-perturbative contributions to the super-
potential whose existence is guaranteed by the rigidity of these cycles and the absence of
any chiral intersection with the visible sector. Hence ny, Kéhler moduli together with
their corresponding axions develop a mass of order ms,5 due to non-perturbative effects.

e The remaining ny = h'"' — ny, — d moduli tend to be fixed perturbatively by o or g,
effects. Thus the corresponding axions remain massless and are good QCD axion candi-
dates. The main example is given by the volume mode V which develops an exponentially
large VEV due to o corrections: V ~ Wy e¥ss where N is the rank of an SU (N) theory
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which undergoes gaugino condensation (N = 1 for D3-instantons). Another example is
given by two intersecting local blow-up modes supporting the visible sector, with one
combination fixed by D-terms and the other by string loop corrections [5].

e The n,x massless axions are lifted by higher-order instanton effects. Given that for an
arbitrary CY h''! ~ O(100), n,, might turn out to be very large giving rise to an axiverse.

2 Axions in the LARGE Volume Scenario

2.1 Sequestered models

Type IIB LVS models are particularly interesting also because the moduli mass spectrum and
couplings can be computed explicitly. Consequently, one can study the post-inflationary cos-
mological evolutions of these models in detail.

The volume mode ¢ turns out to be the lightest modulus with a mass of order:

maz | Wo
Mp VYV

Mg ~ Mg o\/€ <K myjo where € ~e N < 1. (4)
Given that ¢ is lighter then the gravitino, there is automatically no cosmological problem
associated with a possible decay of ¢ into gravitini. However, in gravity mediation one has in
general mg /o =~ O(Msof;), and so the requirement of TeV-scale SUSY implies my ~ O(1) MeV.
Such a light modulus would definitely decay after BBN.

A viable solution to this cosmological problem relies on models with D3-branes at singular-
ities. The simplest version of these models has a CY volume V = 7'b3 2 TS’I/)Q — T\z:)s/ 2, where 7,
is the ‘big’ cycle controlling the overall volume (¢ is the corresponding canonically normalised
field), mp, is a rigid divisor supporting non-perturbative effects and 7 is the visible sector cycle.
Tys collapses to zero size due to D-terms without breaking SUSY. SUSY is instead broken by
the T-moduli living in the bulk which develop a potential at o’ and non-perturbative level:

/Tnp _47Tnp Thp _ 27Top WO2€ 1 Wo
Ve~t—e ™ —Wy—e ~¥ + = (tgp)~—>1, V)~—>1.
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This set-up gives rise to sequestered models with suppressed soft-terms [11]:
Meost >~ m3/2e K mg =~ m3/2\/g <K mg/2. (5)

For € ~ O(10~7), one obtains the following mass hierarchy:
Moy = O(1) TeV < mg =~ O(5 - 10%) GeV < my/ ~ O(10") GeV

which avoids any CMP, leads to low-energy SUSY and allows a high string scale, My ~ Mp+/e ~
O(10*?) GeV, suitable for GUT and inflationary model building. The axion a,p, acquires a mass
of order m3 /5, the volume axion a; remains in practice massless since mg,, ~ Mp e 2V 0,
while the local axion ays gets eaten up by an anomalous U(1). This is always the case for
arbitrary dP singularities