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Preface

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

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

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

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

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

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

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

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

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

1 Introduction

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

2 The effective field theory framework

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

e a single dark matter particle,

e annihilating with its anti-particle,

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

Ly=> CiOi;. (1)
if

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

X f f f f X

X f X X f X

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

3 Constraint on the scale of new physics

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

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

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

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

o fF are given in Ref. [1]

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

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

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

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

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

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

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

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

4 Preferred dark matter mass and new phyiscs scale

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

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

5 Acknowledgments

The work of C.B. and T.L. was supported by the ARC Centre of Excellence for Particle Physics
at the Terascale. J.N. was supported by an Australian Postgraduate Award and the U.S. DOE.
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Figure 2: Posterior probability distribu-
tion marginalized to the minimal A scale and
the mass of the dark matter particle. The
light and dark regions show the 1 and 20
credible regions, respectively. The red line
indicates A = % The frames correspond to
RS, CS, DF, MF, and VB dark matter candi-
dates, respectively. According to these results
a light dark matter mass is favoured obser-
vationally, in the region of 10-100 GeV. The
scale where new physics cuts off the effective
theory is predicted to be 10% —10* GeV at 1o
credible level.
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Status of the XENONI1T Dark Matter Search

Daniel Coderre' for the XENON Collaboration

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

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

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

1 Dark Matter

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

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

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

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

2 The XENONI1T Experiment

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

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

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

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

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

3 Technical Developments and Sensitivity

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

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

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

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

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

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

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

4 Conclusion and Beyond XENONI1T

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

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

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

The XENONIT experiment itself is under construction at Gran Sasso. It is currently on
schedule with commissioning planned for early 2015 and first results for later that year. With
XENONI1T and the planned upgrade, the XENON collaboration plans to remain at the forefront
of WIMP direct detection.

References

[1] N. Jarosik et al., Astrophys. J. Suppl. Ser. 192, 14 (2011);
G. Bertone (ed.), Particle Dark Matter, Cambridge University Press, 2010.

] E. Kolb and M. Turner, The Farly Universe, Westview Press, 1994.
L. Baudis, Phys. Dark. Univ. 1, 94 (2012).

Angle, J. et al. First Results from the XENON10 Dark Matter Experiment at the Gran Sasso National
Laboratory. Phys. Rev. Lett. 100, 021303 (2008)

Aprile, E. et al. Limits on Spin-Dependent WIMP-Nucleon Cross Sections from 225 Live Days of XENON100
Data. Phys. Rev. Lett. 111, 021301 (2013)

[6] Aprile, E., Agostini, F., Alfonsi, M., et al. 2014, arXiv:1406.2374

[7] Baudis, L. et al. Performance of the Hamamatsu R11410 photomultiplier tube in cryogenic xenon environ-
ments. JINST 8, P04026 (2013)

[8] Lung, K. et al. Characterization of the Hamamatsu R11410-10 3-in. photomultiplier tube for liquid xenon
dark matter direct detection experiments. Nucl. Inst. and Meth. A 696, 32-39 (2012)

[9] Aprile, E., Beck, M., Bokeloh, K., Budnik, R., Choi, B., Contreras, H. A., Weinheimer, C. Measurement
of the quantum efficiency of Hamamatsu R8520 photomultipliers at liquid xenon temperature. Journal of
Instrumentation, 7(10), P10005 (2012)

[10] Aprile, E., Agostini, F., Alfonsi, M., et al. 2014, arXiv:1406.2374

EES

o

10 PATRAS 2014



The XMASS experiment

K. Ichimura® for the XMASS collaboration

!'Kamioka Observatory, Institute for Cosmic Ray Research, the University of Tokyo, Higashi-
Mozumi, Kamioka, Hida, Gifu 506-1205, Japan,

Kavli Institute for Physics and Mathematics of the Universe, the University of Tokyo, Kashiwa,
Chiba 277-8582, Japan

DOT: http://dx.doi.org/10.3204/DESY-PROC-2014-03 /ichimura_koichi

The XMASS project is a multi purpose low background experiment with large volume of
liquid xenon (LXe) scintillator. The current stage with a 835 kg LXe detector was started
in 2010. After the commissioning data taking, we have refurbished the detector to reduce
PMT related background and resumed data taking. The physics results obtained with
commissioning run and the current status of the XMASS are reported.

1 Introduction

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

2 Physics results from XMASS-I commissioning run

2.1 Search for light WIMPs

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

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

2.3 Search for inelastic WIMP nucleus scattering on '*Xe

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

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

Observed events

g o m, = 40keV 10" — cut1-2
2 e ) o - eurs (a)
3 -cun-4
3 10° 10°
30 10
50 100 150 50 100 150
g 57125 J
%z 35 _19: Ge (solar) (b)
2 ‘_81 20,
8 21
50 100 750 22! HB stars .-
5 2_
g0 m, = 120keV 107f 23~ ©h"=0.1
g 10% -24;
E w0 -25; — Diffuse y
§ i 104 ‘26 F -------------- XMASS
© | { o7t
50 100 150 50 700 750 = 20 40 60 80 100 120 140
energy (keV,) energy (keV,) vector boson/pseudoscalar mass (keV)

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

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

radioisotopes of 219Pb and 238U in the aluminum seal of the PMT windows is the majority of
observed events. To reduce these background, we covered the PMTs with copper ring and high

PATRAS 2014

13



KoICHI ICHIMURA

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

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

scaledE[keV]

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

4 Summary

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

1 Introduction

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

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

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

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

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

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

~

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

2 Validity of the EFT: analytical approach

2.1 Operators and cross sections

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

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

Line = gXQLSG + h-c. 3)

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

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

2.2 Results and discussion

To test whether the EFT approximation is valid in monojet searches, we define the ratio of the
cross section truncated so that all events pass the condition, to the total cross section:
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Figure 1: Contours for Ry. The black solid curves indicates the correct relic abundance.
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Figure 2: Contours for Ry, varying the cutoff Q. < A and @, < 4mA. The grey shaded area
shows A < mpn/(27), often used as a benchmark for the validity of the EFT.
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The integration limits on these quantities are chosen to be comparable to those used in standard
searches for WIMP DM by the LHC collaborations (see, for instance, Ref. [5]).

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

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

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

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

3 Conclusions

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

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

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

1 Introduction

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

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

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

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

2 From effective operators to simplified models

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

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

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

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

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

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

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

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

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

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

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

3 The importance of heavy-quark loops

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

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

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

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

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

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

22 PATRAS 2014



LHC DARK MATTER SEARCHES

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

m, [GeV]

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

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

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

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

4 QOutlook

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

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

1 Introduction

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

DAMIC (Dark Matter in CCDs) uses the fully depleted silicon of CCDs (charge-coupled
devices) [1] as a target for coherent dark-matter nucleus elastic scattering. Due to the low
electronics noise (2e-) of its minimalistic readout scheme, the CCD is an ideal detector for
searching for the low energy recoil expected from dark matter with mass ~ 5 GeV. Improvements
in the resistivity of silicon substrates have allowed scientific CCDs to achieve thicknesses of 675

PATRAS 2014 25



BEN KILMINSTER

pm [7], more than 30 times that of commercial CCDs, resulting in improved near-infrared light
detection for telescope imaging [8], and more massive targets for direct dark matter detection.

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

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

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

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

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

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

1 Overview of the Edelweiss experiment

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

2  Summary of the phase II

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

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

to other crystal experiments.

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

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

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

3 Phase III and beyond

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

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

1 Introduction

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

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

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

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

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

2 Comparison and results

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

3 Conclusions

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

1 Introduction

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

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

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

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

3 WIMP search

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

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

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

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

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

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

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

We report on the first axion searc