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Particles in thermal equilibrium 
+ decoupling when nonrelativistic

  

Cosmology points to W&Z scale
Inversely standard particle model requires new physics at this scale
                                       => significant amount of dark matter

Weakly Interacting Massive Particles
Dark Matter could be due to TeV scale physics

   

 

Freeze out when annihilation rate ≈ expansion rate 

⇒Ωxh
2 =

3 ⋅10-27 cm3 / s
σ Av

⇒σ A ≈
α 2

M
EW
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CMSSM≈mSUGRA Focal point region
No threshold for Direct Detection 
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Figure 2: A Finite Element Model (FEM) field calculation for iZIP with azimuth symmetry about
the R=0 axis. Shown are the electric field lines (red) and equipotential surfaces (blue) for the case
of +2 V (-2 V) applied to top (bottom) electrodes (marked with +’s and -’s) and phonon sensors all
at 0 V (marked with 0’s). The charge fiducial volume (non-shadowed area) is defined by the inner
charge electrodes, and includes up to 70% of the total volume.
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Figure 3: Magnified cross section view of electric
field lines (red) and equipotential contours (blue)
near one face of the detector (Z=0). The charge
lines (yellow) are narrow and the phonon sensors
(green) are wider.

Figure 4: Schematic of new iZIP design showing
geometry of the four phonon channels on each
face. There are two circular charge channels on
each face, the inner corresponding to the union of
the two inner phonon channels and the outer to
the union of the two outer phonon channels . As
shown in Fig. 1, the charge and phonon sensors
are interleaved.

3

Interleaved  electrodes
Reviving an idea of P. Luke (also used by EDELWEISS)
Events close to the surface seen on one side

≠Events in the bulk seen on both sides
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Other possibilities!  The Dark Matter sector could 
be complex or have different interactions e.g.,

Excited states
Weiner but now dead (CDMS, Xenon 10)
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Other possibilities!  The Dark Matter sector could 
be complex or have different interactions e.g.,

Excited states
Weiner but now dead (CDMS, Xenon 10)

.A mirror dark matter sector
Maybe with matter-antimatter asymmetry
Would explain naturally why ΩDM≈6 Ωbaryon if MDM≈6 Mp

Could even be the origin of baryogenesis!

High cross sections within the dark matter sector?

.

Sub GeV Dark Matter
Naturalness?

Electric/Dipole moment
Graham, Kaplan, Rajendran, & Walters (arXiv 1203.2531)
Claim: Pretty Natural

.
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Limited by ionization below 7 keVnr

To go down to 2 KeVnr; use phonon only and assume  nr yield to compute Enr
Incompatible with original CoGeNT claim
CDMS not incompatible with 2 10-41 cm2/nucleon signal
In latest paper, CoGeNT collaboration does not claim any WIMP signal
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Doing our own analysis

 No significant difference between 
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 No significant difference between 
       singles and multiples
No Modulation 5 keV-11.9 keV 

nuclear recoil: arXiv:1203.1309
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2 modes
• “Low Threshold” : we measure the phonon energy and correct for the 

phonon emission from carrier drift in the electric field (Luke Neganov 
Effect) with the ionization yield of a nuclear recoil (15% correction)

• “CDMS Lite”: take one or two detectors, apply ≈60V => measure the 
ionization with the phonon => 100eV threshold
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How to improve the phonons for 
coherent neutrino scattering?
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suggested in [30], the low-mass WIMP sensitivity of this
analysis could be severely impacted.

An upper limit on the fraction of channeled events near
threshold can be calculated with the 252Cf data plotted in
Fig. 4. For recoil energies between 2 and 6 keV, the fraction
of events with ionization yield above the nuclear-recoil
band is less than 4%. Although this rate is higher than
the rate of electron recoils observed without the source
present, neutron interactions with materials near the detec-
tors can lead to secondary gamma rays. In particular,
neutron captures on hydrogen in the inner polyethylene
shielding yield a continuum of electron-recoil energies due
to the 2.2 MeV photons released in the process, biasing our
channeling upper limit high. There were also several
!1 MeV photons emitted directly from the 252Cf source
with each fission. A limit on the channeling fraction that
is less conservative, by incorporating a Monte Carlo
estimate of the rate of nonchanneled electron recoils during
252Cf calibrations, is beyond the scope of this paper.
Nevertheless, we do not see significant evidence of a
channeling effect in our data that is large enough to appre-
ciably affect the efficiencies estimated in this analysis. We
therefore ignore the effect of ion channeling, a decision
that is supported by the recent and more sophisticated
models developed by Bozorgnia et al. [31], which indicate
that ion channeling for cryogenic Ge and Si targets is
effectively nonexistent for low recoil energies.

IV. RESULTS

A. Candidate events

Following application of the analysis cuts and phonon
software thresholds, a substantial residual rate of events is
observed in the low-threshold signal region. We restrict our
attention to events with recoil energies between 0.5 keV
(1 keV) and 100 keV for the Ge (Si) detectors, yielding a
total of 1080 Ge and 970 Si candidate events. The number
of raw live days and corresponding number of candidate
events for each detector and bias voltage are listed in
Table IV. The combined Ge and Si recoil-energy spectra
are shown in Fig. 8, where the event rates have been

successively corrected by the average efficiencies for the
analysis cuts, and then by the average hardware and soft-
ware thresholds. Since the recoil-energy spectra and the
former efficiencies are functions of Q-corrected recoil
energy, before dividing out the latter efficiencies they are
converted from YNR-corrected toQ-corrected recoil energy
by smearing with the ionization noise.

B. Backgrounds

Although the recoil spectra resemble in shape the dis-
tributions expected for WIMP interactions, the events in
the signal region are likely due to several types of unrelated
background processes consisting of electron recoils, zero-
ionization events, 14C contamination particular to Z6, and
nuclear recoils from cosmogenic neutrons. We will not
subtract these events, but will accept them as candidates
for the purpose of calculating upper limits on a WIMP
signal; this is the most conservative treatment of these data.
A few background populations are particularly evident

in plots of ionization yield versus recoil energy. The signal
regions and candidate events for representative Ge and Si
detectors are displayed in Fig. 9. The most easily identified
background is specific to the Ge detectors. The distinct
1.3 keV line between 1 and 3 keV in recoil energy accounts
for a substantial number of the candidate events. On aver-
age, the internal electron capture x rays or Auger electrons
from the decays of 68Ge and 71Ge have unit ionization
yield. Because of the relatively low signal-to-noise ratio at
these energies in both phonons and ionization, however,
electronic noise induces a large tail of electron recoils to
low ionization yield. The feature is tilted with respect to the
recoil-energy axis because of anticorrelation between the

TABLE IV. The number of raw live days and corresponding
number of WIMP candidate events for each detector and WIMP
search following application of the analysis cuts and energy
thresholds is listed. The smaller exposure and corresponding
number of candidates for the Z2 6 V data is due to the event
burst cut.

3 V exposure 6 V exposure
Detector Live days Candidates Live days Candidates

Z2 66.12 159 20.16 67
Z3 66.12 129 51.66 349
Z4 66.12 130 51.66 125
Z5 66.12 174 51.66 202
Z6 66.12 401 51.66 314
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FIG. 8 (color online). The combined Ge (top panel) and Si
(bottom panel) WIMP candidate event rates as a function of
recoil energy. The uncorrected event rates (blue/dark thin solid
lines) are compared to the efficiency corrected event rates. The
latter are successively corrected by the exposure-weighted
detector-averaged efficiencies of the analysis cuts (black/dark
thick solid lines), and then by the detector-averaged hardware
and software thresholds (orange/light thin solid lines).
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numerator and denominator of the ionization yield expres-
sion. Leaked electron recoils from the 1.3 keV line account
for !20% of the Ge candidates in the 3 V WIMP search,
and for approximately one-third (Z3) to one-half (Z2 and
Z5) of the Ge candidates in the 6 V WIMP search.
The fraction is greater for the 6 V data because extensive
252Cf neutron calibrations were performed prior to this data
period, enhancing the levels of 71Ge via thermal neutron
capture.

Although more prominent for the Si detectors, both the
Ge and Si detectors are afflicted by a distribution of events
with nearly zero ionization yield. Close examination re-
veals that these ‘‘zero-charge’’ events possess ionization
signals indistinguishable from electronic noise. They are
otherwise normal events with recoil energies as large as
100 keV in some instances. The distribution of zero-charge
events for the Si detector in Fig. 9 spans the full analysis
energy range, and clearly crosses into the signal region for
recoil energies & 7 keV, constituting the majority of this
detector’s candidate events. A possible explanation is
that these events were the result of recoils that occurred
near the side edges of the ZIP detectors, where electric field
lines did not span the detectors’ 1 cm thicknesses.
Ionization occurring along field lines that terminate on a
detector’s edge rather than on an electrode is not properly
drifted across the crystal, resulting in no signals in either
the inner or outer ionization electrodes. For recoil energies
* 10 keV, the zero-charge events’ xy positions can be
reliably reconstructed, and tend to cluster near detector
edges. Past analyses of CDMS data have avoided

zero-charge events by requiring WIMP candidates to
have a minimum ionization energy, analogous to the pho-
non software thresholds described above. Unfortunately,
an ionization threshold would severely limit our WIMP
detection efficiency for recoil energies & 5 keV.
The significantly higher event rate for Z6 is believed to

be due to 14C surface contamination. Prior to run 21, during
testing at one of the CDMS test facilities, Z6 was operated
in close proximity to a detector that had been previously
exposed to a 14C calibration source with faulty encapsula-
tion, accidentally contaminating one of its surfaces with a
low level of the isotope. For this reason, Z6 was placed at
the bottom of the detector tower with its contaminated
surface facing away from the adjacent detector. Beta de-
cays of 14C produce electrons with an average energy of
!50 keV and a maximum energy of !156 keV. Beta
radiation in this energy range will interact entirely within
a ZIP detector’s !10 !m surface dead layer, where the
charge collection efficiency is considerably reduced. These
events have reduced ionization yield, and populate the gap
between the bands of electron and nuclear recoils when
plotted in the fashion of Fig. 9, with a substantial number
leaking into the signal region. Although surface events
can be rejected with high efficiency for recoil energies
* 10 keV through a combination of phonon and ionization
pulse timing parameters, the near-threshold WIMP detec-
tion efficiency cannot be preserved.
Leakage of electron recoils into the nuclear-recoil band is

a component of each detector’s candidate events, although
the source is usually Compton scatters of photons. The
discrimination based on ionization yield breaks down as
the recoil energy decreases, until at the ‘‘crossover energy’’
the electron- and nuclear-recoil bands significantly overlap.
The crossover energy varies from !3 keV (Z5 3 V) to
!7 keV (Z6 6 V). More Neganov-Luke phonons are pro-
duced when the detectors are run at higher bias voltage,
causing degradation in both the recoil-energy resolution
and the yield-based discrimination. Consequently, ZIP de-
tectors perform better as low-threshold detectors with
the lower 3 V bias voltage. Scaling calibration data from
a 60Co source results in the estimate that only a few
Compton electron-recoil events per detector leak into the
nuclear-recoil band for recoil energies above the crossover
energy.We have not devised a reliable method of estimating
the contribution of Compton electron-recoil leakage for
recoil energies below the crossover energy. We estimate
that 10% to 20% of the WIMP candidates are actually
electron recoils from Compton scatters.
The highest-energy signal events are largely due to the

neutron background associated with the SUF’s modest
overburden. Muons (and hadronic showers produced by
them) occasionally broke apart nuclei in the rock surround-
ing the experiment, expelling high-energy neutrons with
sufficient energy to punch through our shielding and create
lower-energy neutron secondaries within the shielding
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FIG. 9 (color online). Ionization yield versus recoil energy for
unvetoed single scatters passing the data-quality and fiducial-
volume cuts (all dots) for representative Ge (top panel, Z5 6 V)
and Si (bottom panel, Z4 3 V) WIMP searches. Each detector’s
signal region is outlined in this plane by its nuclear-recoil band
(blue/dark solid lines), phonon energy software threshold
(yellow/light solid lines), and the extent of the horizontal axis.
Although these regions are partially cut off from above and
below, all 202 Z5 6 V and 130 Z4 3 V WIMP candidate events
(red/dark dots) can be seen.

D. S. AKERIB et al. PHYSICAL REVIEW D 82, 122004 (2010)

122004-12

Detailed analysis of SUF data
Top plot is combined Ge (upper panel) 

and Si (bottom panel) WIMP 
candidate event rates as a function 
of recoil energy.

Bottom plot is ionization yield vs 
recoil energy for unvetoed single 
scatters for Ge (top panel, Z5 6 V) 
and Si (bottom panel, Z4 3 V) 
WIMP searches

From PHYSICAL REVIEW D 82, 122004 (2010)

Nearly good enougH!
Background a bit high!
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Can We Do Better?
Matt: We can indeed!

Increase raw sensitivity 
Match better TES (ETF) bandwidth to collection bandwidth
Prevent phase separation (a big loss in CDMS II/ SuperCDMS Soudan)
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Optimal Filter

σ E
2 =
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α
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But large bandwith mismatch

Phonon collection time>> TES time>> ETF time (phase separation)
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Consequence

20

σ E
2 =

4kTc
2G

τ coll

⇒σ E ∝Tc
3!

Noise2 =power noise/ Collection bandwith
We gain as the cube of Tc!

Furthermore: Lower Tc-> less phase separation!

In addition we can decrease G (and C) by decreasing length of the TES 
(we can accomodate lower R with lower LSQUID)
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• Film quality C if we decrease Tc
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Baseline Energy Resolution Estimates
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Possible stumbling blocks
• Film quality C if we decrease Tc
• Film uniformity (How does alpha evolve)
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Baseline Energy Resolution Estimates

21

Possible stumbling blocks
• Film quality C if we decrease Tc
• Film uniformity (How does alpha evolve)
• Engineering : Fridge, low frequency noise, IR loading (goes as T5)
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• Si: not interesting for 
standard high mass 
WIMP search

• Ion-Implant 
• LDM?
•                         

22
Friday, December 28, 12



 

B.SadouletCoherent Neutrino Scattering 12/07/12

Short Term Plans: Misfit Toys
SuperCDMS throughput study

6 x 1” Si detectors in 3 weeks with 
3FTE fab team

IMPRESSIVE!

• Si: not interesting for 
standard high mass 
WIMP search

• Ion-Implant 
• LDM?
•                         
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Can We Improve the Ionization 
Measurement through Phonons?

23

Nader Mirabolfathi for:
Enectali Figueroa-Feliciano (MIT), 
Matt Pyle (UCB), Kai Vetter (UCB, 

LBNL), Paul Luke (LBNL), Marc 
Amman (LBNL), Ryan Martin (LBNL), 

Bernard Sadoulet (UCB, LBNL)
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Luke-Neganov amplification

•Phonon noise doesn’t scale with the ionization bias
S/N ñ=>

In theory one can increase 
Bias to reach Poisson 
fluctuation limit: 

€ 

FεE

limitation: Ge Breakdown

24
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Ionization breakdown with CDMSII

• CDMSII 1 cm thick Ge detectors can’t handle much beyond 10 
V/cm
• To keep ionization phonon discrimination CDMS limited to low 
collection fields anyways => no interest for field > V/cm 
• Need to neutralize detector: All impurity levels (p or n) at 
neutral state to reduce trapping.
• Impact ionization on neutral states lead to breakdown?
• What if we charge all impurities like 77K depleted Ge gamma 
spectrometers.
• Results from latest UCB tests.  

25
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Point contact ionization detectors

• Main advantage low electrode 
capacitance i.e. threshold.
• CoGeNT 440g  5mm PPC, 1 pF gate 
capacitance
• σn ~ 70 eV
• Threshold 0.4 keVee 

 Idea:
• Transform Ionization to Phonons:
• Use very low threshold phonon 
detectors

26
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Alternative: Point contact phonon

27
Friday, December 28, 12



 

B.SadouletCoherent Neutrino Scattering 12/07/12

Alternative: Point contact phonon

Use the same principle as point contact but
Very low temperature: No Carrier 

generation.
< 4K the impurity charge status will 

freeze.
Need to deplete the detectors at 77K 

and cool!
Depleted => All impurities charged.
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Recent tests at Berkeley

Φ=20 mm, h=10 mm p-type Ge: 1010 cm-3

Could deplete at 180 Volts at 77K and cool to 0.05 K 
Detector maintained depleted state down to 0.05 K
Ionization calibration with Ba-133 source

Not very good resolution
baseline= 1keV  (badly adapted Cconnect+CFET)
lines: problem of collection close to surface?

28
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Next: Add phonon sensor

A tungsten (Tc~65 mK) 
thermometer glued: Only 
sensitive to thermal phonons.

Currently running with internal 
241Am source; 10 to 60 keV

Study the Neganov-Luke gain
Study near surface (dead layer) W : 65 mK TES

29
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Near surface events: Ionization dead-layer

•Near surface cause:
• Back diffusion to the wrong electrode.
• Self shielding of the initial e-h cloud
• How bad for recoils <<1 keV ?? 

• Need to be studied
• Trapping on the surface states. 

• One can engineer the size of the point 
contact such that:

• Field near the phonon surface ~ Volts/cm.
• Use the same concept as iZIP.
• Majority of phonons released in the vicinity of the 
point contact.
• Use Phonon partition to select only center events.

• Can also cover the cylindrical 
surface:

• EDELWEISS FIDs.
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Advantage: No Position dependence
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Advantage: No Position dependence
Majority of athermal phonon emitted from a 
small region around the point contact.

Fiducial volume events: Most phonons from ~ 1 cm3 
around point contact where the field is strong.

 The same principle can be used to identify deadlayer 
evenst.
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Advantage: No Position dependence
Majority of athermal phonon emitted from a 
small region around the point contact.

Fiducial volume events: Most phonons from ~ 1 cm3 
around point contact where the field is strong.

 The same principle can be used to identify deadlayer 
evenst.

Disadvantage:
 Basically ionization measurement.
 Low ionization yield ~1/10 at the region of interest. 

But very good σ should compensate?
No event-by-event discrimination: Requires a very good 

understanding of the backgrounds. 
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Conclusions
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Noise improvement:
1-100eV Etrigger seem technically possible

Tc
3 scaling for athermal phonon detectors

Improved cold/warm electronics
Optimize detector design

R&D Challenges Remain
W FILM QUALITY

6 Si iZIPs -> hoping to be the first group to study CNS 
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Noise improvement:
1-100eV Etrigger seem technically possible

Tc
3 scaling for athermal phonon detectors

Improved cold/warm electronics
Optimize detector design

R&D Challenges Remain
W FILM QUALITY

6 Si iZIPs -> hoping to be the first group to study CNS 

Signal improvement:
Can deplete and operate Point contact Ge detectors at very low temperatures
Phonon response improves linearly with collection potential while phonon noise is 

independent.
Can reach ultimate Poisson fluctuation limit.
R&D challenges:

Near surface events.
Larger detector and the regions of low electric field.
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