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1. DAMA/LIBRA and inelastic dark matter

Cosmological observations strongly suggest that the rityajof the matter in the universe
consists of non-luminous, non-baryonic matter [1]. Thikdaatter should be distributed in dark
halos of galaxies such as the Milky Way, enabling the diretection of the dark matter particles
via their interactions in terrestrial detectors [2]. Theabe in the relative velocity of the dark
matter particles and the earthbound target due to the moveofighe Earth around the Sun is
expected to provide an annual modulation of the counting [t Such a modulation, consistent
with the expected signature of galactic dark matter pagi¢hteracting in a terrestrial detector,
was observed by the DAMA collaboration [4, 5] in the electemuivalent recoil-energy range of
2—6 keV with a periodicity of 0.9980.002 years and a phase of 346 days [6]. However, an
interpretation of this result as a signal from Weakly Inttéireg Massive Particles (WIMPS) [7]
scattering elastically off nuclei is inconsistent with etlexperimental results [8, 9, 10, 11, 12, 13].

Inelastic dark matter (IDM) scattering was proposed to cmere this inconsistency [14]. The
inelastic scenario assumes that WIMPs can only scatteraofomic matter by a transition into an
excited WIMP state at a certain energy above the ground sthtke elastic scattering is forbidden
or highly suppressed. The minimal velocity required to picela recoil of energ¥g in such an
inelastic scatter is given by
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wheremy is the mass of the target nucleys,s the reduced mass of the WIMP-nucleus system,
andd is the WIMP-mass splittingd = 0 keV is equivalent to elastic scattering. Important con-
sequences of this model for direct detection experimemsidierential rates which peak at tens
of keV recoil energy, and a significant suppression for logoileenergies. In addition, the annual
modulation signature is significantly enhanced. Finallis important to note that the IDM model
is particularly sensitive to heavy target nuclei, so ratbexrenon and iodine than germanium, and
to the escape velocity cutoff of the WIMP-velocity distrilmn due to the larger minimal velocity

Vmin-

2. The CDMS experiment

The Cryogenic Dark Matter Search experiment (CDMS Il) ofezta total of 19 germanium
and 11 silicon crystal detectors, each having a mass230 g and~105 g, respectively, at a tem-
perature of~40mK in the Soudan Underground Laboratory [15]. These samdigctors were
stacked into five towers (T1-T5) with six detectors (Z1-Z&3le They were instrumented with
four channels composed of superconducting transitior-esmsors on the top side to detect the
signal from phonon excitation, and two concentric eleasooin the bottom side to measure the ion-
ization signal from each particle interaction simultarg@u The recoil energy was reconstructed
from the phonon and the ionization signal. The ratio of iatitn to recoil energy, the ionization
yield, was used to discriminate nuclear- from electroreile@vents to a very high accuracy. WIMP
interactions were expected to be nuclear recoils for thidyais. The main source of misidentified
electron recoils were surface events with interactionsdfirst fewum of the detectors’ surfaces.
Due to incomplete charge collection these events had aeddanization yield and could populate
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the nuclear-recoil acceptance region. Hence, they coumieriVIMP-nucleon interactions. The
phonon signals of these surface electron-recoil eventsfdsidr-rising pulses than bulk nuclear
recoils and occurred closer in time to the nearly promptzation pulses. Thus, a cut based on
the timing parameters of the events was employed to rejesraictions at the detectors’ surfaces.
These events constituted the dominant background for tHd&D experiment while the neutron
background from cosmogenics and radioactive processealmast negligible.

3. Extending the CDMS analysis range

Initial constraints from CDMS on the inelastic dark mattavdal interpretation of the DAMA
claim had been set using an energy range of 10—-100 keV rauail)g [8]. Here a dedicated IDM
analysis of the entire CDMS Il five-tower data set, takenryitiwo periods of stable operation
between October 2006 and July 2007 [16], and four periodsd®i July 2007 and September 2008
[8], is presented. There are two main reasons for perforithiisgeanalysis. From the results of the
previous analysis shown in Fig. 3 of [8] it can be observed tiva remaining allowed parameter
space of the IDM model lies around WIMP masses of 100 Ge#fic mass splittings of 120 keV.
Theoretical predictions employing parameters in thataedor the differential recoil spectra in a
germanium target can be found in the left panel of Fig. 1. &hera significant contribution to
the rates above the previous upper analysis limit of 100 lethat a simple extension to 150 keV
increases the sensitivity. Moreover, the rate drops to foerdow recoil energies, which is different
from the elastic scattering case. Since most of the domisiatfidce-event background occurs at
energies just above the 10 keV threshold of previous aralji®], where no signal is expected,
the sensitivity can be further improved by redefining a logseface-event rejection cut neglecting
low recoil energies. The threshold for setting this cut wetd@ 25 ke V.

After quality cuts ensuring detector stability and remagvjeriods of poor detector perfor-
mance, e.g. due to insufficient neutralization, which wakeh from the previous analyses [8, 16]
a total germanium exposure of 969 kg-days was consideretthiforeanalysis. The silicon detec-
tors were neglected due to their lower sensitivity to intidascattering. Given that both data sets
had already been analyzed, this was not a blind analysis.eMawthe analysis was performed in
a similar manner such that selection criteria and backgt@astimates were defined and evaluated
only on WIMP-search data outside of the signal region anithrzdion data.

In addition to the quality cuts, most of the cuts defining sids criteria for WIMP-nucleon
interactions remained unchanged with respect to the prevamalyses [8, 16]. This included the
definition of the single-scatter cut, requiring a signal ny af the other 29 detectors to not ex-
ceed the phonon-noise level, the fiducial-volume cut, tigjge@vents at the edges of the detectors,
and the muon-veto cut, demanding no coincident energy taepedited in the active muon veto
surrounding the apparatus.

Extending the analysis window to 150 keV was impeded by thetfaat statistics from the
californium neutron source were low aboved 00 keV. This source was used to calibrate the de-
tectors, and, in particular, to define the WIMP-acceptaegion, a 2 nuclear-recoil band in the
ionization-yield versus recoil-energy plane. Thus, toréade extent, extrapolations were necessary
to define the nuclear-recoil bands at higher energies. Maditlity was examined by combining
statistics from all six runs for each detector and compasseith theoretical predictions from
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Figure 1: Left panel: Differential recoil spectra in a germanium &trépr a WIMP-mass splittin@ of
120keV and a few representative WIMP massgg For comparison the spectrum for a WIMP with a
mass of 120 GeVFcassuming elastic scattering € 0 keV) is also shown (black/solid). The spectra are
normalized to unity in the 5-150keV recoil-energy rangeghRipanel: Distribution of the surface-event
leakage estimate in the 25-150keV energy range. See texeéfails.

Lindhard theory [17, 18] which showed a good agreement. @hbtthat the bands as well as the
corresponding efficiencies of the nuclear-recoil cut haly anminor energy dependence above
~25keV assured confidence that these extrapolations wedikcgds

Surface-event rejection was based on the sum of the risedfntiee largest phonon pulse
and its delay relative to the ionization pulse. This timing was set in the 25-150 keV energy
range using only barium and californium calibration dathe Tut was tuned to yield a maximum
spectrum averaged exposure for WIMP masses of 100 Gevittmass splittings of 120 keV given
a fixed leakage of 0.6 events for the whole data set. This ¢gakas determined to give the best
sensitivity by a Monte Carlo simulation.

Since the timing cut was set using calibration data and itkmagsv from previous analyses that
there are differences to the WIMP-search data, e.g. caimsidthe recoil-energy and ionization-
yield distributions [8], a more refined leakage calculatiwas accomplished. The leakage was
estimated by multiplying the number of WIMP-search nuclkeaoil single scatters failing the
timing cut by pass-fail ratios deduced from event sampleghvivere assumed to resemble the
population of background events. Two classes of events usd to independently estimate the
ratios and expected background: WIMP-search multipletasxsatvithin the nuclear-recoil band
and surrounding the nuclear-recoil band. Due to the low ramab events passing the timing
cut a dedicated Bayesian surface-event leakage estimateppdied [19]. The final background
distribution obtained by combining the estimates from humdiss-fail ratios is shown in the right
panel of Fig. 1. It contains all statistical and systematioms. It has a maximum around 0.6 events
where the leakage had been fixed for the setting of the cugwlind median, which was used as the
final background estimate, is slightly higher but agrees ttits value within error bars:

Hos_150kev = 0.8103(stat) TO3(syst) . (3.1)
The neutron background from cosmogenics and radioactiveepses is still under investigation
but is expected to be negligible.
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The final efficiency from this reanalysis including all cliased on the entire CDMS Il five-
tower data set, was larger than the efficiency from the pus/WIMP analysis, based only on the
last four data runs and the 10-100 keV energy range [8], bytarfaf ~1.5. This was due to the
fact that the low-energy range, where most of the backgraeedrred but no signal was expected
in the IDM model, was neglected while redefining the timing cu

After “unblinding”, three events were observed in the ataepe region within the 25-150 keV
recoil-energy range passing the surface-event rejectibntowvas verified that the performance of
the experiment was stable at the times at which the eventgreck One WIMP candidate was
observed at 37.3keV in detector T4Z6. This was a detectatdolcat the bottom of its tower with
no adjacent detector below, making it particularly difftdol reject background events by detecting
multiple scatters. A second event occurred at 73.3keV inZTviety close above the timing-cut
boundary. Finally, a candidate was observed in T1Z2 at I@9/5above the upper analysis range
from previous analyses. This event was far above the cutdayyrand would be rejected neither
by the surface-event cut from the previous analysis [8],acefined timing cut tuned to a fixed
leakage of 0.1, instead of 0.6, events.

The probability to observe three or more surface-leakagatewgiven the background distri-
bution shown in the right panel of Fig. 1 is 9% which is low bot negligible. Thus, a significant
evidence for a WIMP detection cannot be claimed, while nothefcandidates can be rejected as
background.

4. Constraining the IDM parameter space

Spin-independent cross-section upper limits at 90% C.Lreve®mputed for given WIMP
masses and WIMP-mass splittings using the optimum inteneghod [20], conservatively treating
all WIMP candidates as signal. The differential rates wealewdated under standard halo assump-
tions according to [21]. The escape velocity was assumeeé &4 km/s [22] while the standard
value of 220 km/s was applied for the dispersion of the Makareldark matter velocity distribu-
tion. Helm form factors and a three-dimensional paramation of the Earth velocity were used
according to [18].

Regions allowed by DAMA/LIBRA at four different C.L.s (905999, 99.9%) were computed
based on the published modulated spectrum in [6] from ansxpoof 1.17 ton-years. As in [8]
we followed thex? goodness-of-fit technique advocated in [21] to investightecompatibility
between the results from DAMA/LIBRA and CDMS. Quenchingtéas of 0.30 and 0.09 were
applied for sodium and iodine nuclei in the DAMA/LIBRA setupespectively [23]. Possible
channeling effects [24] were not included in this study sitieey do not have a significant impact
on the results from this analysis [25].

Selected results from these computations are shown in Fig.tBe cross-section versus
WIMP-mass plane for WIMP-mass splittings of 90 keV and 13@ k&part from the regions al-
lowed by DAMA/LIBRA, and constraints emerging from the arsa$ presented here, the plots
also contain cross-section limits from our previous arialg$ the 10—100 keV energy range [8].
Constraints from the new analysis are less stringent dueetodcurrence of the three candidates at
energies where the rate is expected to peak for higher WINBsmaplittings. WIMP masses above
60 GeV/@ and 140 GeV/E are excluded for mass splittings of 90 keV and 130 keV, resmdy,
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Figure 2: 90% C.L. upper limits on the scalar WIMP-nucleon cross sactor WIMP-mass splittings of
90keV (left panel) and 130 keV (right panel) from this an&ysed/dashed) and from our previous analysis
[8] (black/solid). The colored areas represent DAMA/LIBRAowed regions at four different C.L.s (90,
95, 99, 99.9%). The cross<) marks the parameter point which yields the minimy#fin the shown
cross-section versus WIMP-mass plane for the given fixed ®vkss splitting.

by the current and previous analysis. An investigation efftlil three-dimensional IDM parame-
ter space, consisting of the cross section, WIMP mass, alMdPAfhass splitting is relegated to a
subsequent publication [26].

5. Summary

The first CDMS analysis which includes recoil energies up36 keV was presented. All
six data runs with five towers were used in a combined analy3ige to the occurrence of three
candidate events the constraints on the IDM parameter sppaceeaker than from our previous
analysis where no events were observed at intermediatgiesewhere the rate is expected to
peak. Even though this analysis was performed with regatidetdDM scenario the expansion of
the analysis range to 150 keV could be useful to test otheefagutedicting a signal at tens of keV
recoil energy.
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