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ABSTRACT

The dark matter in the Universe might be composed of Weakly Interact-
ing Massive Particles (WIMPs), which are thermal relics of the Big Bang
moving non-relativistically at the time of structure formation. Supersym-
metric extensions to the Standard Model of particle physics provide an
excellent candidate, in form of the neutralino or the lightest supersymmet-
ric particle. Neutralinos can interact via elastic scattering with nuclei in
a low background terrestrial detector. The Cryogenic Dark Matter Search
(CDMS) experiment uses Ge and Si detectors operated at 20 mK to mea-
sure the energy deposited by a recoiling nucleus. Simultaneous measure-
ment of the phonon and the ionization signals allows to discriminate be-
tween electron and nuclear recoil events to better than 99.99% down to
recoil energies of 10 keV. First results from operating a stack of six ZIP (Z-
dependent Ionization and Phonon) detectors at the Stanford Underground
Facility shallow location are presented. This tower of ZIP detectors will
be the first to be deployed at the deep site location, the Soudan mine in
Minnesota, in early 2003.
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1 Introduction

Astrophysical measurements have progressed to the point that they now provide a reli-

able inventory of the contents of the universe. Measurements of the first acoustic peak

in the angular power spectrum of the Cosmic Microwave Background (CMB)1 indicate

that the total energy density of the universe is near the critical density,Ωtot ≡ ρ/ρcrit =

1.0 ± 0.04, consistent with the prediction of inflation. Furthermore, separate mea-

surements yield consistent results for the total densities of baryonic and non-baryonic

matter, as well as for the amount of the so-called dark energy. The resulting “concor-

dance model” calls for a dark energy densityΩΛ = 0.67± 0.06, a total matter density

ΩM = 0.33 ± 0.035, and a baryon densityΩb = 0.04 ± 0.008.2 The fact that stars

and other measured, luminous matter account for only∼1% of the total density means

that most of the matter, even most of the baryonic matter, consists of unknown, dark

components.

The best determination of the cosmological density of baryonic matter is from mea-

surements of near-primordial deuterium in gas clouds towards distant quasars.3 The

theory of Big Bang nucleosynthesis accurately predicts the observed abundance of

deuterium only if the baryon densityΩbh
2 = 0.020 ± 0.001 (whereh is related to

the Hubble constant byH0 ≡ 100h km−1 s−1 Mpc−1). This value of the baryon den-

sity also leads to accurate predictions of the primordial abundances of the other light-

est elements. The ratio of the amplitudes of odd to even acoustic peaks in the CMB

anisotropy spectrum yields a result for the baryon density that is in stunning agree-

ment:Ωbh
2 = 0.022+0.004

−0.003. This value is also indicated by (less constraining) measure-

ments of the shape of the power spectrum of matter inhomogeneities4 combined with

measurements of the Hubble constant.5

Several measurements give consistent results for the total cosmological matter den-

sity. CMB measurements, most notably the height of the first acoustic peak, constrain

ΩMh2 = 0.16± 0.04. Measurements of the shape of the power spectrum of matter in-

homogeneities, as determined by large redshift surveys, constrainΩMh = 0.20± 0.03.

These results are in good agreement with those obtained by combining the measured

baryon density with measurements of the baryon-to-total mass density ratio in clusters,

as determined by X-ray measurements or by measurements of the Sunyaev-Zel’dovich

distortion of the CMB. They are further strengthened by observations of distant super-

novae,6 which indicate thatΩΛ − ΩM ≈ 0.4.

The fact that the measured matter density is significantly larger than the measured
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baryonic matter density indicates that most of the matter in the universe is non-baryonic

particles outside the standard model of particle physics. An excellent candidate for non-

baryonic particle dark matter is provided by supersymmetry, which is a well motivated

extension to the standard model of particle physics. Although the energy scale where

supersymmetry should appear is nota priori fixed, in order to solve the problem of

mass hierarchies,i.e.the stability of the electroweak scale with respect to radiative cor-

rections, the masses of the superpartners must be∼1 TeV.

Several experimental hints favor such weak-scale supersymmetry. The gauge cou-

pling strengths measured by accelerator experiments unify at the GUT scale if the

masses of the supersymmetric particles are around 1 TeV.7 Precision electroweak data

favor a light Higgs boson,8 as predicted in the MSSM, the minimal supersymmetric

extension to the standard model. Another hint for new physics at the TeV scale is pro-

vided by the new measurement of the anomalous magnetic momentum of the muon.9,10

The measured 2.6σ deviation from the prediction of the standard model can be well

explained by weak-scale supersymmetry,11,12 which provides contributions to aµ ≡
(gµ-2)/2 via loops with supersymmetric particles.

In order to prevent baryon- and lepton-number violation in supersymmetric mod-

els, the conservation of the so-called R parity is imposed. The R parity takes the value

+1 for all standard model particles and -1 for all supersymmetric partners. It implies

that sparticles are always produced in pairs, that heavier sparticles decay into lighter

ones, and that the lightest supersymmetric particle is stable. The stability of the light-

est supersymmetric particle (LSP) renders it an excellent dark matter candidate. The

LSP is certainly a neutral, weakly interacting particle, since strong or electromagnet-

ically interacting particles would become bound in anomalous heavy isotopes, which

are essentially ruled out by experiments.

A natural possibility for the LSP is the neutralino, a linear combination of the wino,

bino, and the two higgsinos, which are the superpartners of the neutral gauge and Higgs

bosons. If the neutralino is the LSP and hence is stable, it would be present today as a

cosmological relic from the early universe. It would be an example of the general class

of Weakly Interacting Massive Particles, or WIMPs,13 which were once in thermal

equilibrium with the early universe, but were “cold,”i.e.moving non-relativistically

at the time of structure formation. The relic density of any WIMP depends on its

annihilation cross section, with weak-scale interactions if the dark matter is mainly

composed of WIMPs. More detailed calculations indicate that this general statement is

accurate for the neutralino in particular: in a large class of supersymmetric models the
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abundance of the neutralino is high enough to account for a significant portion of the

dark matter in the universe (i.e., to yield a cosmological density between 0.1 and 0.3 of

critical density).

For direct dark matter detection experiments, which search for the nuclear recoils

produced in elastic scattering of neutralinos from nuclei, it is crucial to estimate the

neutralino-nucleon cross section. This cross section, along with the density and velocity

distribution of neutralinos in the vicinity of the solar system, determines the expected

detection rates in a given detector.

There are many approaches in the literature to evaluate the neutralino-nucleon cross

sections. In general, the considered supersymmetric models are classified according to

the assumed mechanism for communication of supersymmetry breaking from the hid-

den to the visible sector. The most basic, yet well motivated approach is the minimal

supergravity (mSUGRA) framework, which arises as a low-energy limit of a supergrav-

ity theory. In mSUGRA, supersymmetry is broken in the hidden sector of the model

and transmitted to the observable sector via gravitational interactions, leading to soft

SUSY-breaking masses at the TeV scale. At the GUT scale it leads to a universal scalar

mass m0, a universal gaugino mass m1/2, and a common tri-linear coupling A0. Models

under mSUGRA are further characterized by the ratio of the vacuum expectation value

of the Higgs duplets, tanβ, and by the sign ofµ, the Higgs mixing parameter in the

superpotential, meaning that all sparticle masses and couplings are derived in terms of

the four parameters and one sign.

In general, it is found that in mSUGRA the spin-independent neutralino-nucleon

cross sections lie between 10−6 pb and 10−11 pb, with the highest cross sections ob-

tained for the smallest universal gaugino mass m1/2 and for the largest tanβ.

More generic frameworks than mSUGRA are obtained by relaxing some of the

unification and other theoretical assumptions. The most phenomenological minimal

supersymmetry models define all the parameters directly at the weak scale and make no

assumptions at the GUT scale. These models have a higher number of free parameters

and in consequence are somewhat less predictive and testable. The general framework

results in a wider range of possible neutralino-nucleon cross sections, often bordering

or exceeding current limits.

Figure 1 shows the allowed region of parameter space including accelerator con-

straints on supersymmetry. As shown in the figure, current experiments are at best

barely sensitive to some models. The experiments currently being built should be sen-

sitive to a large part of supersymmetry parameter space. Significantly, if the measured
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Figure 1: Comparison of theoretical expectations and experimental sensitivities for

direct detection of neutralino dark matter. Plotted are the neutralino–nucleon spin-

independent cross section vs the neutralino mass. Solid lines (from top to bottom:

EDELWEISS,14 ZEPLIN,15 CDMS I16) are current experimental limits. Dashed curves

are projected sensitivities of experiments currently being built (from top to bottom:

CRESST, CDMS II at SUF, CDMS II at Soudan) Solid region at upper left is the

DAMA annual modulation region.17 The remaining regions are theoretical expecta-

tions. The dark filled region is the region allowed by the MSSM without the muon

g− 2 constraint.12 Adding the muong − 2 constraint reduces the allowed region to the

one inside the dotted curve. The lower, lighter region is consistent with the CMSSM.18

Figure generated with the Dark Matter Plotter.19
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2.6σ deviation from the prediction of the standard model for the muon anomalous mag-

netic moment is due to supersymmetry, the neutralino mass must be< 500 GeV, and

neutralino-nucleon cross section must be> 2 × 10−9 pb.12 In this case, future dark

matter projects could be sensitive to the entire allowed parameter region.

2 The CDMS experiment

The Cryogenic Dark Matter Search (CDMS) experiment employs Ge and Si detectors

operated at 20 mK to measure the nuclear recoils generated by the hypothetical WIMPs.

Simultaneous measurement of the ionization and the phonon energy deposited in a Ge

or Si crystal allows to distinguish between a nuclear-recoil event due to a WIMP (or a

neutron) and an electron-recoil event, due to the dominant background from radioactive

decays. This event by event discrimination is possible due to the fact that for nuclear

recoils only about 10% of the recoil energy goes into ionization, while for electron

recoils it is about 30%.

The first stage of the experiment, CDMS I, operated at the Stanford Underground

Facility (SUF), which is located in a tunnel 10.6 m beneath the Stanford campus. In

early 2000, it delivered the most competitive results on WIMP scalar interactions.16

The second stage, CDMS II, was funded to operate more sophisticated detectors based

on Transition Edge Sensors (TESs), the final location being the Soudan Mine in Min-

nesota, at a depth of about 2080 mwe. The aim is to increase the current CDMS sensi-

tivity by about 2 orders of magnitude.

2.1 The CDMS detectors

A stack of 6 Z-sensitive Ionization- and Phonon-mediated (ZIP) detectors has been

operated over the past year at the SUF site. ZIP detectors are made from Ge and Si

crystals, 1 cm thick, 7.6 cm in diameter and weighting 250 g and 100 g respectively.

Figure 2 shows a picture and a schematic figure of the detectors.

ZIP detectors measure the athermal phonos created in a particle interaction using

quasiparticle-trap-assisted electrothermal-feedback transition-edge-sensors.20 These sen-

sors consist of photolitographically patterned, overlapping thin films of superconduc-

timg aluminum and tungsten, divided into 4 independent channels. Each channel con-

tains a parallel array of 1036 TESs, each coupled to 10 aluminum phonon collection

pads. Energy deposited in the crystal leads via anharmonic decay to generation of high-
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Figure 2: Left: image of a ZIP detector in its copper housing. Right: schematic fig-

ure of a detector, showing the 4 phonon and 2 ionization channels with their readout

electronics.

frequency, THz phonons, which propagate to the surface where they are absorbed in

the superconduction aluminum pads covering 20% of the detector’s surface. Here they

break Cooper pairs generating quasiparticles which diffuse in about 10µs to the tung-

sten TES where they become trapped. The quasiparticles lose their potential energy by

heating the conduction electrons in the tungsten through electron-electron interactions.

The phonons released in the tungsten raise the temperature of the film, increasing its

resistance and reducing the current. The TES are voltage biased and the current through

them is monitored by a high-bandwidth SQUID array. The sensor temperature is main-

tained within its superconducting to normal transition via the Joule heating associated

with the voltage bias. The intrinsic stability of the voltage bias is due to negative elec-

trothermal feedback. An increase in sensor temperature and thus an increase in sensor

resistance causes a decrease in Joule heating, and vice versa.

The TESs are intrinsically very fast, with about 100 ns risetime and 20-40µs fall-

times. The actual ZIP pulses have rise times of 5-15µs and fall times of about 100µs,

these being dependent on the phonon propagation in the crystal and the quasiparticle

diffusion in the aluminum fins. The pulse rise times are sensitive to the phonon arrival

times at each of the four quadrants and allow to localize an event in the x-y plane. In

addition, events occurring near the detector’s surface display faster rise times than bulk

events, allowing a fiducial volume cut.

To perform the ionization measurement, a drift field of a few V/cm is applied across

the crystal using electrodes deposited on the two faces of each detector. The electrodes

are segmented radially, yielding an outer annular guard ring and a central disk-shaped
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volume. This design allows to veto events due to radioactive decays in the detector

holders. A low-noise amplifier is connected to the biased electrode via a blocking ca-

pacitor. The ionization amplifier operates as a current integrator and the observed signal

is the voltage drop across a feedback capacitor, which collects a charge proportional to

the product of the number of electron hole pairs and the distance they travel across the

crystal.

2.2 Cryogenics, low background facility and shields

The CDMS detectors are located inside a large cold volume made of copper, named

the Icebox. It consists of six concentric cans, each corresponding to a thermal stage in

a modified Oxford S-400 dilution refrigerator. The cryostat is connected to the dilu-

tion refrigerator via a copper coldfinger and a set of coaxial copper tubes. Each tube

connects one can to the corresponding thermal stage in the refrigerator. The nominal

temperatures of the cryostat can are 10 mK, 50 mK, 600 mK, 4 K, 77 K and 300 K. The

innermost can has a volume of 30×104 cm3 and can accommodate up to 42 detectors.

Since the predicted rates of WIMP interactions are very low, the CDMS detectors

have to be operated in an underground site, in order to minimize the cosmic ray particle

flux. However, due to the continuing development of the Ge and Si detectors and the

complicated cryogenic technology, the initial experiment was conducted at a local site,

in a tunnel 10.6 m below ground level on Stanford campus. A schematic of the Stanford

Underground Facility is shown in Figure 3.

The overburden absorbs the hadronic component of cosmic ray showers, and re-

duces the muon flux by a factor of 5. The large muon flux (∼ 40 m−1 s−1) necessitates

an active muon shield to veto the muon-induced gamma and neutron background. This

muon-veto made of 4.1 cm thick plastic scintillator paddles surrounds the entire inner,

passive shield. Its efficiency has been measured to be higher than 99.99%. The 15 cm

thick Pb shield inside the muon-veto attenuates the external photon flux by a factor of

1000. Inside the Pb is a 25 cm thick polyethylene moderator, which surrounds the Ice-

box and attenuates the neutron flux from the tunnel walls and from muon interactions

in the Pb shield. Inside the innermost cryostat can, 1 cm of ancient Pb (low in210Pb)

and about 8 kg of polyethylene further reduce the photon and neutron backgrounds. A

drawing of the CDMS shield at SUF is shown in Figure4.

The measured event rate due to photons in the 10-100 keV energy region is about

60 kg−1 d−1 keV−1 overall and 2 kg−1 d−1 keV−1 anticoincident with the muon-veto.
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Figure 3: Schematic figure of the Stanford Underground Facility.

Figure 4: Schematic figure of the CDMS shield at SUF.
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This muon anticoincident gamma background is most likely caused by residual radioac-

tivities in the shielding and detector package. It can be reduced to a negligible level due

to the excellent ZIP discrimination efficiency against electron recoils, as discussed later.

The main background at the SUF site is generated by high-energy, ’punch-through’

neutrons which are produced outside the muon-shield and are moderated to MeV en-

ergies yielding keV nuclear recoils in the detectors. This un-reducible neutron back-

ground requires operation of the CDMS experiment at a deeper site, eg the Soudan

mine in Northern Minnesota. With about 2080 mwe of overburden, the muon flux at

the Soudan mine will be reduced by about a factor of 104 and the high-energy neutron

flux by more than a factor of 100.

2.3 Results from the current run

For the past year, a stack of 6 ZIP (4 Ge and 2 Si) detectors has been operated in

the SUF Icebox. The goal of this run was to improve the experiment’s sensitivity to

WIMPs which had been achieved in 1999 and 200016 and to confirm the hypothesis

that the dominant background is caused by neutron interactions. Another goal was to

test the performance of this first tower of detectors to be deployed at the deep site and

to precisely measure and characterize its backgrounds.

Two data sets, taken at 3 V and 6 V ionization voltage bias, each with a total ex-

posure of about 65 livedays have been collected. In the following, preliminary results

from the 3 V data set will be presented.

A first rough calibration of the energy scale is done with a137Cs source, which pro-

duces 662 keV gammas able to penetrate the copper cans of the icebox. Comparison

of the measured spectra with a detailed Monte Carlo simulation allows to determine

the ionization energy scale in both Ge and Si detectors (the 662 keV peak is observed

only in the Ge detectors, in the Si detectors the Compton edge of this peak is observed).

In the Ge detectors, 2 additional, ’intrinsic’ lines in the energy region below 100 keV

help to establish the ionization and phonon energy scales. These lines, at 10.37 keV

and 66.7 keV, are caused by cosmogenic and neutron activation of some of the Ge iso-

topes. The energy resolution of the 10.37 keV line is 0.8 keV (FWHM) in the ionization

channel and 1 keV (FWHM) in the phonon channel.

After the ionization and phonon energy scales are established, the ability of the

detectors to separate nuclear and electron recoils has to be determined. Figure 5 shows

the ionization energy against the phonon signal for one Ge and one Si detector. Two
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Figure 5: Ionization versus phonon signal for one Ge (left) and one Si (right) detector.

Two populations, one caused by electron recoils (steep slope) and one caused by nuclear

recoils (shallow slope) are distinguished.

populations, one caused by electron recoils (steep slope) and one caused by nuclear

recoils (shallow slope) can be easily distinguished.

Another way of presenting the same data is by defining a quantity named yield, the

ratio of ionization to recoil energy. Figure 6 shows the yield parameter as a function of

recoil energy. Two populations, or bands, with roughly constant yield are distinguished.

The first band, with a yield around 1, is the electron recoil band. Its position and

width are determined in a high statistics60Co calibration. The second band, around a

yield value of 1/3, is the nuclear recoil band, as determined in a252Cf neutron source

calibration. Visually, the two bands are well separated down to recoil energies of 5 keV.

To quantify the discrimination factor, the yield parameter is histogrammed for 10

energy bins between 5 keV and 100 keV and the amount of leakage of electron recoil

events into the 2σ bound of the neutron recoil band is determined. Figure 7 illustrates

the procedure for one of the Ge detectors. The gamma rejection factor is higher than

99.99% between 5 - 100 keV and 99.8% for the lowest energy bin from 5 - 10 keV.

These numbers already exceed our requirements for the deep site.

A background more challenging than bulk electron recoils are events occurring near

the surface of a detector, in general caused by low energy electrons. These events

suffer from a suppressed ionization signal due to a thin ’dead-layer’ of the detectors,

in which the ionization collection efficiency is reduced. Such events will in general

appear in between the two bands in yield versus recoil energy, and their probability to

be misidentified as nuclear recoil events is much larger than for bulk electron recoils.
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Figure 6: Yield parameter versus recoil energy for one Ge (left) and one Si (right)

detector. The band with a yield around 1 is caused by electron recoils, while the band

with a yield about 1/3 is caused by nuclear recoils.

Since surface electron recoils show faster phonon pulse risetimes than events occurring

in the bulk of a crystal, a combination of cuts in risetime and yield can eliminate a

large part of this potential low energy electron background. For the current CDMS run,

efforts are underway to determine the amount of surface electron contamination and

leakage into the nuclear recoil bands for the ZIP detectors.

Figure 8 shows the muon coincident background of a Si and a Ge ZIP detector. The

dominant feature is the electron recoil band, which is populated by muon coincident

gammas. This muon coincident gamma background is consistent with the one of pre-

vious runs. The nuclear recoil band is dominated by muon coincident neutrons. The

nuclear recoil rates are suppressed by a factor of 3 with respect to previous runs, due

to the internal polyethylene moderator which was added at the beginning of this run.

This is consistent with the suppression factor predicted by Monte Carlo simulations.

The muon coincident neutrons are important in providing an ’in situ’ calibration of the

nuclear recoil band and in testing the stability of this band as a function of time.

The muon anticoincident data set is shown in Figure 9, as ionization yield vs. recoil

energy for one Ge and one Si detector. These are events triggering a single detector

only, since the WIMP multiple scattering rate is extremely small. The majority of events

are in the electron recoil band, although there are some events in the nuclear recoil

band and some in between these two bands. Together, the 4 Ge and 2 Si detectors have

detected 18 single-scatter nuclear recoils in Ge, 2 single-scatters in Si, and 9 multiply

scattered events between the detectors for the 3 V data set. The presence of events in
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Figure 7: Electron recoil yield histograms for a Ge detector for 10 different energy bins.

The electron recoils were generated with an external60Co source.

the Si detectors and of multiple scattered events, indicates that the events in the nuclear-

recoil band are most likely due to neutrons than WIMPs. Monte Carlo simulations of

the expected muon anticoincident neutron background at SUF predict 3 single-scatter

events in the Si and 8 multiply-scattered events for the same number of Ge single-scatter

events observed. Thus the results at SUF are consistent with the entire WIMP signal

being due to the un-reducible neutron background present at this shallow site. They are

furthermore consistent with neutron Monte Carlo simulations, which predicted about a

2-3 times lower nuclear recoil event rate for the data anticoincident with the muon veto,

due to the new internal polyethylene shield.

Work is currently in progress to determine the upper limits on scalar WIMP-nucleon

cross sections from this run’s data. In order to subtract the residual neutron background,
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Figure 8: The muon-coincident background, as yield versus recoil energy, for one Si

(left) and one Ge (right) ZIP.

Figure 9: The muon-anticoincident, single-scatter background, as yield versus recoil

energy, for one Si (left) and one Ge (right) ZIP.

a careful estimation of possible contaminations of the nuclear recoil band, especially

of the multiply-scattered events and of the Si ZIPs data is required. The expected

sensitivity at the SUF shallow site is illustrated in Figure 1.

2.4 Conclusions and prospects for the future

The CDMS experiment delivered the most stringent upper limits on scalar WIMP-

nucleon interactions in 2001.16 The EDELWEISS 2002 limit14 is now more constrain-

ing for WIMP masses above 35 GeV. Both experiments rule out the DAMA most likely

point17 at a confidence level higher than 99.9%, under standard WIMP halo and spin-

independent cross section assumptions.
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The last CDMS run at the Stanford shallow site operated 6 new ZIP detectors with

a total exposure larger than 100 livedays. The performance of these 4 Ge and 2 Si

detectors exceeded the expectations, the discrimination efficiency against bulk electron

recoils being higher than 99.99% (at 90% CL) in the recoil energy region 5-100 keV.

The measured background in the nuclear recoil region is consistent will all events being

caused by neutron interactions. Due to this un-reducible background at the shallow

site, commissioning of the experiment at the Soudan mine deep site is in progress. It

is expected that the first stack of 6 detectors will be installed at Soudan early 2003,

together with an additional stack of 6 detectors. This second tower is currently being

assembled and tested. The prediction for the sensitivity at Soudan is shown in Figure 1.

CDMS will be able to probe WIMP-nucleon cross sections down to' 10s−44cm2 for

a WIMP mass of 50-100 GeV/c2.
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