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New limits on dark-matter weakly interacting particles from the Heidelberg-Moscow experiment
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New results after 0.69 kg yr of measurement with an enrich&e detector of the Heidelberg-Moscow
experiment with an active mass of 2.758 kg are presented. An energy threshold of 9 keV and a background
level of 0.042 ctgkg d keV) in the energy region between 15 keV and 40 keV was reached. The derived limits
on the weakly interacting massive particles—nucleon cross section are the most stringent limits on spin-
independent interactions obtained to date by using essentially raw data without background subtraction.
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PACS numbsgps): 95.35+d, 14.80.Ly

INTRODUCTION EXPERIMENTAL SETUP

The utilized detector is a coaxial, intrinsic p-type HPGe
The nature of dark matter in the Universe remains a chaldetector with an active mass of 2.758 kg. The enrichment in
lenging question. Even if new measurements will confirm’°Ge is 86%. The sensitivity to spin-dependent interactions
that we live in a lowQ uer Universe Qmarer0.3—0.4)  becomes negligible, sincEGe, the only stable Ge isotope
[1,2] a considerable amount of nonbaryonic dark matter igVith nonzero spin, is deenriched to 0.12%8% for natural
needed. WIMPSweakly interacting massive particleare Ge). The detgctor has been in the Gran Sasso Undgrground
among the most discussed candiddt@s being well moti- Laboratory since September 1991; a detailed description of

vated from early universe physidg] and supersymmetry It background can be found A.2]
[5]. The data acquisition system allows an event-by-event
WIMP detection experiments can decide whether WIMPSS’C"mp"mQl and pulse shape measurements. The energy output

dominate the halo of our Galaxy. For this reason, Considergnc the preamplifier is divided and amplified with two differ-

able effort is made towards direct WIMP search experimentse.nt shaping time constants, /5 and 4us. The fast 2us

which look for energy depositions from elastic WIMP- Signal serves as a stop signal for the 250 MHz flash analogue

| tteri G . . ts desianed f to digital convertefADC) which records the pulse shape of
nucleus scatterinfp]. Germanium experiments designed for each interaction. The best energy resolution and thus lowest

the ;earch for neutrinpless doiub_le beta decay.were amonghergy threshold is obtained with theu$ shaped signal. A
the first to set. such kinds of I|m|tE7,8].. The He|delperg- third branch of the energy output is shaped with:8 and
Moscow experiment gave the most stringent upper limits onympjified to record events up to 8 MeV in order to identify
spin-independent WIMP interactioi8] until recently. The  radioactive impurities contributing to the background. The
present best limits on the WIMP-nucleon cross section comgpectra are measured with 13bit ADCs, which also release
from the DAMA Nal Experimen{10]. the trigger for an event by a peak detect signal. Further trig-
The Heidelberg-Moscow experiment operates five engers are vetoed until the complete event information, includ-
riched "®Ge detectors with an active mass of 10.96 kg in theing the pulse shape, has been recorded. To record the pulse
Gran Sasso Underground Laboratory. It is optimized for theshape(for details se¢13]) the timing output of the preamp-
search for the neutrinoless double beta decaff@k in the lifier is divided into four branches, each signal being inte-
energy region of 2038 keV. For a detailed description of thegrated and differentiated in filtering amplifief§FAs) with
experiment and latest results 4d¢]. different time constants. The TFAs are used since the charge
In this paper we report on results from one of the enrichedurrent is integrated within the preamplifier. The signals are
Ge detectors, which took data in a period of 0.249 years in @mplified to record low as well as high-energetic pulses.
special configuration developed for low energy measure-
ments. A lower energy threshold and a smaller background
counting rate has been achieved with the same detector as DATA ANALYSIS
used in 19949], mainly due to the lower cosmogenic activi-  pp energy threshold of 9 keV has been reached. This
ties in the Ge crystal and in the surrounding copper after foufather high value is due to the large detector size and a 50 cm
years without activation. distance between FET and detector. Both effects lead to a
higher system capacitance and thus to an enhancement of the
baseline noise.
*Spokesmen of the collaboration. We calibrate the detector with a standat®fEu-??2Th
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FIG. 1. Energy spectrum as a function of time for the enriched FIG. 2. Distribution of the number of events with energies be-
"8Ge detector for the whole measurement period. Irregular bursts ufwveen 9 keV and 850 keV per 30-minute interval. The solid curve
to 30 keV can be seen. represents the Poisson fit to the data.

source. The energy resolution at 727 keV is (2.374mq interval is computed for energy depositions between
+0.01) keV. In order to determine the energy resolution at &_ggg kev. In the histogram in Fig. 2 the physical events are

keV the dependence of the full width at half maximum pgisson distributed. The mean value of the distribution is
(FWHM) on the energy is approximated with an empirical ; g5+ 0. 06) events/30 min and=(1.67+0.05). The cut is

function y=ya+bx+cx® (y=resolution,x=energy in a  got 4t the valueN=2.65+30~8. With this cut less than

X fit. The best fit ()(Z/DOF_=30.09) Is obtained for the pa- 0195 of the undisturbed 30 minutes intervals are rejected.
rametersa=3.8,b=2.2xX10"%, ¢=5X10"". The zero en- Tpe jnjtial exposure of the measurement was 0.7 kg yr, after
ergy resolution is (20.01) keV. . the time cut the exposure is 0.69 kg yr. In this way, more
To determine the energy threshold, a reliable energy califyan 98% of the initial data are used. A similar method to
bration at low energies is required. The lowest energetic linggqyce the microphonic noise in the low energy region was
observed in the detector was at 74.97 K&V, line of 2Ph). 5150 applied by9].
This is QUe to the rather thick copper shield of the cry&al Another way to reject microphonic events would be to
mm) which absorbs all low energy lines. Thus an extrapo- analyze the recorded pulse shapes of each event. In a former
lation of the energy calibration to low energies is neededeyxperiment we showefd3] that pulse shapes of nuclear re-
which induces an error afl—2) keV. Another possibility is  ¢ojl and y interactions are indistinguishable within the tim-
to use a precision pulser in order to determine the channel qﬁg resolution of Ge detectors. Thus a reductionsefay
the energy spectrum which corresponds to zero V0|tag%ackground based on pulse shape discriminatR8D) is
pulser output. Since the slope of the energy calibration ig,qt possible. Consequently sources can be employed to
independent of the intercept and can be determined with ggjibrate a PSD method against microphonics, which was
calibration source, this method yields an accurate value fognown to reveal a different pattern in the pulse shape. Since

the intercept of the calibration. The same method to deterg,ch g pulse shape analyzing method is still under develop-
mine the offset of the calibration is also used[Byand[14].

The pulser calibration reduces the extrapolated 9 keV thresh-
old systematically by1-2) keV. In order to give conserva-
tive results, we use the 9 keV threshold for data analysis.

In Fig. 1 the energy deposition as a function of time is
plotted. Accumulation of eveni®ursts with energy deposi-
tions up to 30 keV can be seen. They are irregularly distrib-
uted in time with counting rate excesses up to a factor of
five. These events can be generated by microphdsiosll
changes in the detector capacitance due to changes in tem-
perature or mechanical vibrationsr by a raised electronic
noise on the baseline. Although rare, they lead to an en-
hancement of the count rate in the low energy region. A
possibility to deal with microphonics would be to exclude 0
the few days with an enhanced count rate from the sum spec-
trum like in [7]. This would lead, however, to unwanted
measuring time losses. Another time filtering method is ap- FIG. 3. Full recorded sum spectrum with lifetime 0.69 kg yr.
plied in the following. Peaks from thé%®U chain can be identified. A%'Cs peak slowly

The complete measuring time is divided into 30-minuteappears at 662 keV. All structures at low energies are fluctuations
intervals and the probability foN events to occur in one so far and therefore not identifiable.
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TABLE I. Number of counts per 1 keV energy bin after 250.836 = [ " T T TR
kg d. =700 E
Zeo | - 3
Bin [keV]  Counts[1/keV] Bin[keV]  Counts[1/keV] £ ﬂ “\fu” spectrum fit, '=532, =78
=] N
50 F .
9-10 61 30-31 10 3
10-11 56 31-32 11 40 J( 1
11-12 36 32-33 2 10 ;
12-13 29 33-34 10 ’ i
13-14 36 34-35 7 0 I I 1
14-15 27 35-36 8 3 NS
15-16 16 36-37 8 or L Hﬁf T+ +JrJr #
0 window fit 15-20 keV, x*=2.3, =4 . +-L..T .
16-17 19 37-38 7 10 15 20 25 30 35 40 45 50
17-18 16 38-39 11 energy [keV]
18-19 9 39-40 8
19-20 12 40-41 14 FIG. 4. Comparison of the measured low-energy spectrum
20-21 13 41-42 4 (shown from threshold to 50 keMrom the enriched®Ge detector
21-22 10 42-43 8 and calculated WIMP specFra \1;\(/)_[\161 100 Ge\( WIMP, already fitted
for the allowed cross sectioorg,,- The solid curve shows the
22-23 16 43-44 6 . . scaar
23-24 11 44-45 13 result from the sliding-window fit(see text The dashed curve
) ) would result for a full WIMP-spectrum fit to the data, yielding too
24-25 8 45-46 10 conservative limits.
25-26 11 46-47 5
26-27 9 47-48 7 ergy region with a minimum width of the energy resolution
27-28 9 48-49 17 of the detector are forbiddeto a given confidence limit
28-29 10 49-50 9 The parameters used in the calculation of expected WIMP
29-30 11 50-51 12 spectra are summarized in Table Il. We use formulas given

in the extensive review§l5,16 for a truncated Maxwell
velocity distribution in an isothermal WIMP-halo model
ment, we use only the Poisson-time-cut method in this pape(truncation at the escape velocity, compare &Isg).

Figure 3 shows the sum spectrum after the time cut. The sjnce 7®Ge is a spin zero nucleus, we give cross section
background counting rate in the energy region between §imits for WIMP-nucleon scalar interactions only. For these,
keV and 30 keV is 0.081 ctddg d keV) [between 15 keV e ysed the Bessel form factgsee[16] and references
and 40 keV: 0.042 ctfg d keV)]. This is about a factor of  therein for the parametrization of coherence loss, adopting a
two better than the background level reached ®ywith the  gkin thickness of 1 fm.
same Ge detector. Table | gives the number of counts per 1 another correction which has to be applied for a semicon-
keV bin for the energy region betweg8-50 keV. The  qyctor ionization detector is the ionization efficiency. There
dominating background contribution in the low-energy re-exist analytic expression] for this efficiency, especially
gion from the U/Th natural decay chain can be identified infor germanium detectors and multiple experimental results
Fig. 3 via the 352 keV and 609 keV lindthe continuous  measuring this quantitisee[13] and references thergimc-

beta spectrum fromd'%Bi originates from this chain cording to our measuremer|ts3] we give a simple relation
between visible energies and recoil energiek,;s
DARK MATTER LIMITS =0.14E:%,. This relation has been checked for consistency

with the relation from[6] in the relevant low-energy region
above our threshold.

After calculating the WIMP spectrum for a given WIMP
ass, the scalar cross section is the only free parameter
hich is then used to fit the expected to the measured spec-
um (see Fig. 4 using a one-parameter maximume-likelihood
fit algorithm. According to the underlying hypothegisee
above we check during the fit for excess events above the

The evaluation for dark matter limits on the WIMP-
nucleon cross sectiowrt.. follows the conservative as-
sumption that the whole experimental spectrum consists %
WIMP events. Consequently, excess events from calculate\gl

WIMP spectra above the experimental spectrum in any en,

TABLE II. List of parameters used for calculating WIMP spec-

ra. experimental spectrurtfor a one-sided 90% C.)..using a
Parameter value sliding, variable energy window. The minimum width of this
energy window is 5 keV, corresponding to 2.5 times the
WIMP velocity distribution 270 km/s FWHM of the detector(6¢ width). The minimum of cross
Escape velocity 580 km/s section values obtained via these multiple fits of the expected
Earth velocity 245 km/s to the measured spectrum gives the limit. Figure 4 shows a
WIMP local density 0.3 GeV/cth comparison between the measured spectrum and the calcu-
Enriched’®Ge mass 75.14 g/mol lated WIMP spectrum for a 100 GeV WIMP mass. The solid

curve represents the fitted WIMP spectrum using a minimum
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g Should the effect be confirmed with much higher statistics
?10 E L B A A A ‘ T (20 000 kg days are now being analyzed by the DAMA Col-
4 CDMS (1997) laboration[19]) it could become crucial to test the region
;"’ 10 ] D Noscow e (1994) ~, & (1998)3 using_a different detector technique and a different target
© 100 - Z 4 material. _ . o

SAVA NGO Also shown in the figure are recent limits from the CDMS

Experiment20], from the DAMA Experimen{10], as well

10 . UM f as expectations for new dark matter experiments like CDMS
wld /QMfSl(bewd_?”)_ [20], HDMS [21], and for our recently proposed experiment
; SRR GENIUS[22]. Not shown is the limit from the UKDM Ex-
TR periment{ 11] which lies somewhere between the two germa-
o nium limits.
L - 4 After a measuring period of 0.69 kg yr with one of the
100 ’ enriched germanium detectors of the Heidelberg-Moscow
0 T 0 150 200 250 300 350 experiment, the background level decreased to 0.0419 cts/
My e [GeV] (kg d keV) in the low-energy region. The WIMP-nucleon

cross section limits for spin independent interaction are the

FIG. 5. Comparison of already achieved WIMP-nucleon scalamost stringent limits obtained so far by using essentially raw
cross section limitgsolid lineg: the Heidelberg-Moscov®Ge [9], data without background subtraction.
the recent CDMS nat. Ge0] and the new DAMA Nal result10], An improvement in sensitivity could be reached after a
including their evidence contoyd 8], in pb for scalar interactions longer measuring period. Higher statistics would allow the
as a function of the WIMP mass in GeV and of possible resultsdentification of the various radioactive background sources
from upcoming experimentsiashed lines for HDM$21], CDMS  and would open the possibility of a quantitative and model-
(at different locations and GENIUS22]). These experimental lim- independent background description via a Monte Carlo simu-
its are also compared to expectatigssatter plox for WIMP neu- lation. Such a background model has already been estab-
tralinos calcul_a_ted_in the MSSM framework with non-universal SCaished for three of the enriched Ge detectors in the
Ifro gnésswupéﬂfcatlon[m]_(aII Cfurvf)‘lc‘. r?n: dg;)ts scaled fop Heidelberg-Moscow experiment and has been successfully
=% Levientlor comparison of publishe a applied in the evaluation of thevBB decay[12]. A subtrac-
tion of background in the low energy region in the form of a

width of 5 keV for the energy window. The minimum is é)henomenological straight line based on a quantitative back-
found in the energy region between 15 keV and 20 keV. Th ground model for the full energy regiof® kev—8 Mev)

dashed line is the result of the fit if the energy window W|dthWould lead to a further improvement in sensitivity. Back-

equals the full spectrum width. It is easy to see that in this ! ) .
case the obtained limit would be much too conservativeground subtractions for dark matter evaluations of Ge experi-

leading to a loss of information one gets from the measure&nentS were already ?‘pp"ed.‘ﬁ%]: o
Another way to reject radioactive background originating
spectrum. . . L
from multiple scattered photons would be an active shielding
in the immediate vicinity of the measuring crystal. This
CONCLUSIONS method is applied in our new dark matter search experiment,

The new upper limit exclusion plot in the"-N. versus HDMS (Heidelberg Dark Matter Seargj21]. HDMS is

M plane is shown in Fig. 5. Since we ds(;alr?:)t use anys.ituated in the Gran Sasso Underground Laboratory and
WIMP AN tarted operation this year.

background subtraction in our analysis, we consider our limit
to be conservative. We are now sensitive to WIMP masses
greater than 13 GeV and to cross sections as low as 1.12

X 107° pb (for p=0.3 GeV/cn). The Heidelberg-Moscow experiment was supported by

At the same time we start to enter the regi@vidence- the Bundesministerium fuForschung und Technologie der

contouy allowed with 90% C.L. if the preliminary analysis Bundesrepublik Deutschland, the State Committee of Atomic
of 4549 kg days of data by the DAMA Nal Experimdii8]  Energy of Russia and the Istituto Nazionale di Fisica Nucle-
are interpreted as an evidence for an annual modulation e&re of Italy. L.B. was supported by the Graduiertenkolleg of
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