
Intro to Direct Detecion of 
Dark Matter

Hugh Lippincott, Fermilab

LPC Topic of the Week
November 19, 2013

Tuesday, November 19, 13



� �

PICO
C. Amole, M. Besnier, 
G.⌘Caria, A.⌘Kamaha, 
A.⌘Noble, T.⌘Xie

M. Ardid,
M. Bou-Cabo

D. Asner, J. Hall

D. Baxter, C.E. Dahl, M. Jin

E. Behnke, H. Borsodi, 
C.⌘Harnish, O. Harris, 
C.⌘Holdeman, I. Levine, 

E.⌘Mann, J. Wells

P. Bhattacharjee, M. Das, 
S.⌘Seth

S.J. Brice, D. Broemmelsiek, 
P.S. Cooper, M. Crisler, 
W.H.⌘Lippincott, E. Ramberg, 
M.K. Ruschman, 
A.⌘Sonnenschein

J.I. Collar, R. Neilson, 
A.E. Robinson

F. Debris, M. Fines-Neuschild, C.M. Jackson, 
M.⌘Lafrenière, M.⌘Laurin, L. Lessard,
J.-P.⌘Martin, M.-C.⌘Piro, A.⌘Plante, O. Scallon, 
N.⌘Starinski, V.⌘Zacek N. Dhungana, J. Farine, 

R.⌘Podviyanuk, U. Wichoski

R. Filgas, 
 S. Pospisil, I. Stekl

S. Gagnebin, C. Krauss, 
D.⌘Marlisov, P. Mitra I. Lawson,

E. Vázquez Jáuregui

Collaboration

D. Maurya, S. Priya

Tuesday, November 19, 13



By that same 
consensus, we only 
understand 5% of it

There is pretty strong 
consensus regarding how 
much stuff there is in the 
universe
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Dark matter - evidence?

• Galaxy rotation curves

• Galaxy clusters

• Gravitational lensing

• Cosmic microwave 
background

• Galactic collisions
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Fritz Zwicky, 1930
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Dark matter - evidence?

• Galaxy rotation curves

• Galaxy clusters

• Gravitational lensing

• Cosmic microwave 
background

• Galactic collisions

Planck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is ⌅0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇤ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e⇥ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit�CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-⌅ anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high ⌅. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base �CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the �CDM parameters are relatively robust to the inclusion
of di⇥erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
�CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ⌅ < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence

35
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Dark matter - evidence?

• Galaxy rotation curves

• Galaxy clusters

• Gravitational lensing

• Cosmic microwave 
background

• Galactic collisions
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So what is it?

• We know it interacts gravitationally

• It is “dark” - should not interact with light or 
electromagnetism

• Nearly collisionless

• Slow

Axions

MACHOs

Champs

WIMPs, WIMPzillas,
 Light WIMPS

Kaluza-Klein particles

Many more
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So what is it?

• We know it interacts gravitationally

• It is “dark” - should not interact with light or 
electromagnetism

• Nearly collisionless

• Slow

Beyond the Standard Model!
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WIMPs

• Most discussed candidate is Weakly Interacting Massive Particle

• Produced during big bang

• Decouples from ordinary 
matter as the universe 
expands and cools

• Still around today with 
densities of about a few per 
liter

• Supersymmetry produces a theoretical candidate (LSP), but others 
exist (e.g. Kaluza-Klein particles, ...)
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WIMPs not necessarily related to  
supersymmetry

• Dark sector could be as complicated as standard model 

• Searches not limited by expectations from SUSY models
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How do we find it?

Fermi bubbles, courtesy of NASA

• Indirect - detect annihilation products from regions of high density 
like the sun or the center of the galaxy

• Accelerators - create a WIMP at the LHC

• Missing ET and monojet searches

• Direct detection - WIMPs can scatter elastically with nuclei and the 
recoil can be detected 
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How do we find it?

• Indirect - detect annihilation products from regions of high density 
like the sun or the center of the galaxy

• Accelerators - create a WIMP at the LHC

• Missing ET and monojet searches

• Direct detection - WIMPs can scatter elastically with nuclei and the 
recoil can be detected 

Rate calculation
I The differential cross section (for spin-independent interactions)

per kilogram of target mass per unit recoil energy is

dR
dQ

=
⇢0

m�
⇥ �0A2

2µ2
p

⇥ F 2(Q)⇥
Z

vm

f (v)
v

dv (1)

I Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

I The unknown particle physics component, hopefully determined
by experiment

I Proportional to A2 for most models

I The nuclear part, approximately given by F 2(Q) / e�Q/Q0 where
Q0 ⇠ 80

A5/3 MeV

I The velocity distribution of dark matter in the galaxy - of order
30% uncertainty, and vm =

p
Q/2m2

r

3/2
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The velocity distribution

• Usually assume a Maxwell Boltzmann distribution

• Violent relaxation leads to thermalization of dark 
matter particles with dispersion ~ 270 km/s

• Behaves like an ideal gas thereafter

• This is probably not true, there could be large 
substructures

• Effect of substructure is not clear (nor agreed upon)
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Annual modulation

• The observed rate is a function of the Earth’s 
speed through the WIMP field (via the velocity 
distribution)

• As the Earth orbits the sun, its speed modulates 
which leads to a modulation of rate:

• This propagates through the calculation in 
different ways, but in general we get a few 
percent annal modulation

dR/dE ~ S0(E) + Sm(E) cos w(t-t0)
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SI vs. SD

oughly scan the parameter spaces, we adopted the
Bayesian method that is the foundation of the Markov
chain Monte Carlo approach. The DM models can have
distinct phenomenological predictions. We showed that the
DM model possibilities can be narrowed by measurements
of both SI and SD elastic scattering. The direct signals for
DM in recoil and neutrino telescope experiments are com-
plementary to LHC experiments in distinguishing the be-
yond the standard model physics scenarios [135].

We summarize below the model predictions for the DM
cross sections; the posterior distributions are summarized
in Fig. 12.

(i) In mSUGRA, the FP region provides the largest SI
and SD cross sections. This is due to the mixed
Higgsino nature of the lightest neutralino; the neu-
tralino couplings to the Higgs and Z bosons are large.
The Bino nature of the lightest neutralino in the CA
and AF regions causes these scenarios to have sub-
stantially smaller cross sections.

(ii) The tadpole nMSSMmodel has large SD scattering,
of order 10!3 pb, and a wide range of SI cross

section. This is a consequence of the DM annihila-
tion occurring through the Z boson. To counter the
small annihilation rate in the early universe (due to
the small neutralino mass in the model), the neu-
tralino pair is required to have a larger Z boson
coupling, resulting in a large SD cross section.

(iii) In the singlet extended SM, the DM candidate is
spin-0, which gives a vanishing SD cross section.
The SI cross section is generally small, below
"10!8 pb, and occurs through Higgs boson ex-
change. If SD scattering of DM is observed, the
class of models with spin-0 DM would be imme-
diately excluded as being the sole origin of the DM
in the Universe.

(iv) For stable Dirac neutrino DM, the Z boson domi-
nates in the calculation of both the relic density and
elastic scattering cross section and makes the SI and
SD cross sections tightly correlated and large.

(v) In mUED, a sweet spot of !SD "O#10!6$ pb exists
for which the DM relic density is reproduced. The
relic density is strongly dependent on the curvature
parameter and fixes its value. The KK quarks have
approximately the same mass as the inverse curva-
ture and the SD cross section is thus closely tied to
the relic density. On the other hand, the !SI cross
section is more dispersed due to the larger variation
of the Higgs boson mass.

(vi) In the LHT model, the SD interaction occurs
through T-odd quarks which have a small hyper-
charge. Therefore, the SD cross section in this
model is typically very small. In contrast, the SI
scattering proceeds through the Higgs and T-odd
quarks, giving experimentally accessible SI cross
section values.

We provide a summary of the SI and SD cross sections
by the box and whisker plots in Fig. 13. The boxes repre-
sents the coverage of the middle 50-percentile. We sum-
marize the forecast for observing a signal in neutrino
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FIG. 11 (color online). The expected numbers of events and the statistical significance of DM signals for 3 and 5 years running of the
IceCube neutrino telescope. Only the FP region in mSUGRA and a portion of the mUED parameter space give a significance>5! for
5 years of running.

SI vs. SD
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FIG. 12 (color online). The posterior distributions of !DM!p
SI

and !DM!p
SD for six models.

SPIN DEPENDENCE OF DARK MATTER SCATTERING PHYSICAL REVIEW D 78, 056007 (2008)

056007-13

• Historically, most focus has been on SI

• Interesting parameter space more easily accessible due to the A2 
dependence

• No longer true

• Complementarity 
between 
approaches

•Would like to be 
sensitive in both 
channels to nail down 
dark matter
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The energy scale
• Energy of recoils is tens of keV

• Entirely driven by kinematics, elastic scattering of things with 
approximately similar masses (100 GeV) and v ~ 0.001c 

The energy scale

I Energy of recoils - ⇤ 10 � 100 keV

I Entirely driven by kinematics - elastic scattering of particles with
approximately similar masses (100 GeV) and v ⇤ 0.001c (270
km/s)

1
2

mNv2
N =

1
2
⇥ 100 GeV ⇥ 10�6 = 50 keV (2)

4/4
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How do we find it?
• Direct detection - WIMPs can scatter elastically with nuclei and the 

recoil can be detected (~10-100 keV) 

• Very low rate process (~events/year)

• Rate depends crucially on WIMP mass and thresholdEnectali Figueroa-Feliciano / Fermilab Seminar / 2013
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Knowing your energy scale 
and efficiency at threshold 
are crucial!
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The canonical plot

• Limited at low mass by detector threshold

• Limited at high mass by density
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of ⇥ 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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The canonical plot

• What happened to “weakly” interacting? 

• Mediation via Z was excluded long ago (~10-39 cm2), but only 
now are we probing Higgs exchange
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FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of ⇥ 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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So we look for WIMPs

• A few hundred just passed through us, and we might expect a 
handful of counts in a detector per year

• The problem is that background radioactivity is everywhere!

Tuesday, November 19, 13



So we look for WIMPs

• A few hundred just passed through us, and we might expect a 
handful of counts in a detector per year

• The problem is that background radioactivity is everywhere!

100 events/second/kg =
3,000,000,000,000 events/year 

in a ton-scale experiment
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Backgrounds!
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Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification, everything must be clean

• The detector itself - steel, glass, detector components

• Discrimination - can you tell signal from background via 
some tag in the event itself?
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Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification and shielding

• The detector itself - steel, glass, detector components

• Discrimination - can you tell signal from background via 
some tag in the event itself?
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Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• The detector itself - steel, glass, detector components

• Self-shielding to leave a clean inner region

• Discrimination - can you tell signal from background (gamma 
rays, alphas, neutrons, etc)?

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification and shielding
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Direct searches 
(non exhaustive)

COUPP/PICO
Bubble	  chambers

DAMIC
CCDs	  (from	  DECam)

DarkSide
Argon	  TPC

CDMS	  and	  CoGeNT
Cryogenic	  Germanium

LUX/Xenon
Xenon	  TPC

DAMA	  NaI
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Xenon and LUX/LZ
• Liquid xenon TPCs - collect light and scintillation light 

released by energy deposition in the liquid

• Fragments of Xenon10 - Xenon100/1T in Italy, LUX/LZ 
in South Dakota
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Xenon and LUX/LZ
• Liquid xenon TPCs - collect light and scintillation light 

released by energy deposition in the liquid

• Fragments of Xenon10 - Xenon100/1T in Italy, LUX/LZ 
in South Dakota
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Argon detectors
• DarkSide, the dominant liquid argon experiment in the US - 

same idea as Xenon TPCs

• DEAP/CLEAN (DEAP3600, MiniCLEAN) - Single phase - just 
collect the light - American and Canadian versions in the same 
room at SNOLAB
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DarkSide TPC in 
neutron veto

DarkSide veto in 
water tank

DEAP3600 
acrylic vessel

MiniCLEAN inner 
vessel
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CDMS/SuperCDMS

• Collect charge and heat induced by recoils

• Good intrinsic background rejection made 
better by detector design (iZip)

• SuperCDMS

• 9 kg currently operating at Soudan 
mine

• 200 kg planned for SNOLAB
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CDMS/SuperCDMS
• Earlier this year, the 

most conservative of 
the experiments 
announced candidate 
events

Enectali Figueroa-Feliciano / Fermilab Seminar / 2013

CoGeNT �2013⇥
CRESST⇥II �2012⇥
DAMA⇤LIBRA �2008⇥
XENON100 �2012⇥
XENON10 S2 �2013⇥
EDELWEISS Low⇥threshold �2012⇥
CDMS II Ge �2010⇥
CDMS II Ge Low⇥threshold �2011⇥
90� Upper Limit, this data
90� Upper Limit CDMS II Si Combined
Best fit, this data
68� C.L., this data
90� C.L., this data

Profile Likelihood Confidence Intervals

• A profile likelihood analysis favors a WIMP
+background hypothesis over the known 
background estimate as the source of our 
signal at the 99.81% confidence level (~3!, p-
value: 0.19%).

• The maximum likelihood occurs at a WIMP 
mass of 8.6 GeV/c2 and WIMP-nucleon cross 
section of 1.9x10-41cm2.

• We do not believe this result 
rises to the level of a 
discovery, but does call for 
further investigation.
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Shades of blue indicate the three separate timing cut energy ranges.
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COUPP/PICO
• Bubble chamber

• Electrons and gammas don’t 
make bubbles

• Alphas are loud!
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This is what dark matter would 
sound like
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This is what dark matter would 
sound like

Tuesday, November 19, 13



This is what an alpha sounds like
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This is what an alpha sounds like
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Both together, just to hear the 
difference
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DArk MAtter (DAMA)

• Very radio-pure NaI (not replicated by anyone in 10 years)

• No discrimination

• Observed an annual modulation for a decade

2-6 keV

 Time (day)
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d
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eV
) DAMA/NaI (0.29 ton!yr)

(target mass = 87.3 kg)
DAMA/LIBRA (0.53 ton!yr)

(target mass = 232.8 kg)
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CoGeNT

• Came out of Majorana 
- p-type point contact 
germanium detector

• Very low noise

• Like DAMA, no 
discrimination

• Excess above 
background, 2 sigma 
modulation
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CoGeNT

• Came out of Majorana 
- p-type point contact 
germanium detector

• Very low noise

• Like DAMA, no 
discrimination

• Excess above 
background, 2 sigma 
modulation

4

FIG. 4: Rate vs. time in several energy regions (the last bin
spans 8 days). A dotted line denotes the best-fit modulation.
A solid line indicates a prediction for a 7 GeV/c2 WIMP in
a galactic halo with Maxwellian velocity distribution. Back-
ground contamination and/or a non-Maxwellian halo can shift
the amplitude of this nominal modulation (see text). Dotted
and solid lines overlap for the bottom panels.

radon levels by a factor !4 [24]. Muon-coincident events
constitute a few percent of the low-energy spectrum [1],
limiting a muon-induced modulated amplitude to <<1%
[6]. Rejection of veto-coincident events does not alter the
observed modulation. Radon displacement via pressur-
ized LN boil-o! gas is continuously maintained at 2 l/min
within an aluminum shell encasing the lead shielding [25].
A radon-induced modulation would be expected to a!ect
a much broader spectral region than observed [26].

The CDMS collaboration has recently claimed [7] to
exclude a light-WIMP interpretation of CoGeNT and
DAMA/LIBRA observations. Uncertainties a!ecting
this claim are discussed in [17, 27]. Observations from
XENON10 [16] and XENON100 [8] have been used to
claim a similar rejection of light-WIMP scenarios. Un-
certainties a!ecting these searches are examined in [18].

In conclusion, presently available CoGeNT data favor
the presence of an annual modulation in the low-energy
spectral rate, for events taking place in the bulk of the
detector only. While its origin is presently unknown, the
spectral and temporal information are prima facie con-

gruent when the WIMP hypothesis is examined: in par-
ticular, the WIMP mass region most favored by a spectral
analysis (Fig. 2) generates predictions for the modulated
amplitude in agreement with observations, modulo the
dependence of this assertion on the choice of astrophysi-
cal parameters and halo velocity distribution [21–23, 28].
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CoGeNT

• Recent release of 2 
more years of data 
(September, 2013)

• Significance of 
modulation did not 
increase (harder 
analysis cuts?)

What is new?�
•  Detector recovered from 3 mo post-fire outage w/o 

significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

•  Paper under review, preprint to appear soon. Data to 
be released in energy, time-stamp, and rise-time 
format. A straightforward analysis indicates a 
persistent annual modulation exclusively at low energy 
and for bulk events. Best-fit phase consistent with 
DAMA/LIBRA (small offset may be meaningful). Similar 
best-fit parameters to 15 mo dataset, but with much 
better bulk/surface separation (~90% SA for~90% BR)�

�

�

Dotted: free T�
Solid: T= 365 d�
�
�
See also �
poster by M. Kos.�
�

Additional �
four months of �
unanalyzed 
data acquired�
(run is still 
ongoing)�
�
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Where are we?

• DAMA - A positive claim for 10 years that successfully 
does the following:

• Low energy events (e.g. right spectrum)

• Modulation with correct period and phase

• Single hits (multiple hits associated with neutrons)

• No one accepts it
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Where are we?
• For a long time no one else saw anything

• Also sociological

• Proprietary agreement with NaI maker, so no one 
could replicate crystals

• Defensive and dismissive of alternative explanations 
(e.g. response to DM-Ice)

• Plan is to go bigger instead of change things up (no 
one doubts the significance of the modulation)

• Their talks are terrible:

Enectali Figueroa-Feliciano / Fermilab Seminar / 2013
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Profile Likelihood Confidence Intervals

• A profile likelihood analysis favors a WIMP
+background hypothesis over the known 
background estimate as the source of our 
signal at the 99.81% confidence level (~3!, p-
value: 0.19%).

• The maximum likelihood occurs at a WIMP 
mass of 8.6 GeV/c2 and WIMP-nucleon cross 
section of 1.9x10-41cm2.

• We do not believe this result 
rises to the level of a 
discovery, but does call for 
further investigation.
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Where are we?
• For a long time no one else saw anything

• Also sociological

• Proprietary agreement with NaI maker, so no one 
could replicate crystals

• Defensive and dismissive of alternative explanations 
(e.g. response to DM-Ice)

• Plan is to go bigger instead of change things up (no 
one doubts the significance of the modulation)

• Their talks are terrible:
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The µ case 

MonteCarlo simulation 
•  muon intensity distribution  
•  Gran Sasso rock overburden map 

events where just one detector fires 

Case of fast neutrons produced by µ! Annual modulation amplitude at low energy due to µ modulation:!
Sm

(µ) = Rn g ! f"E fsingle 2% /(Msetup "E)!

Moreover, this modulation also induces a variation in other parts of the energy spectrum and in the multi-hits events!
It cannot mimic the signature: already excluded also by R90, by multi-hits analysis + different phase, etc.!

#µ @ LNGS ! 20 µ m-2d-1  (±2% modulated) 
Measured neutron Yield @ LNGS:  Y=1÷7 10-4 n/µ/(g/cm2) 
Rn = (fast n by µ)/(time unit) = #µ Y Meff 

Sm
(µ) < (0.4÷3) $ 10-5 cpd/kg/keV!

g = geometrical factor;    ! = detection effic. by elastic scattering!
f"E = energy window (E>2keV) effic.;      fsingle = single hit effic.!

Hyp.: !Meff = 15 tons;  g " ! " f"E " fsingle " 0.5 (cautiously)!
Knowing that: !Msetup " 250 kg and "E=4keV!

NO 

The phase of the muon flux at LNGS is roughly around middle 
of July and largely variable from year to year. Last meas. by 
LVD and BOREXINO partially overlapped with DAMA/NaI and 
fully with DAMA/LIBRA: 1.5% modulation and phase  
LVD = July 5th ± 15 d,    BOREXINO = July 6th ± 6 d 

DAMA/NaI + DAMA/LIBRA  
measured a stable phase: May, 26th ± 7 days 

This phase is 7.1 % far from July 15th 
and is 5.7 % far from July 6th  

Can (whatever) hypothetical cosmogenic products be considered 
as side effects, assuming that they might produce: 
 

•  only events at low energy, 
•  only single-hit events, 
•  no sizable effect in the multiple-hit counting rate 
•  pulses with time structure as scintillation light  

? 
But, its phase should be 
(much) larger than µ phase, �µ : 

!µ += ttside•  if !<<T/2": 

4
Tttside += µ•  if !>>T/2": 

R90, multi-hits, phase, and other analyses  

It cannot mimic the signature: different phase 

1. DAMA/LIBRA surface & 0.15 m2 

µ flux @ DAMA/LIBRA ! 2.5 µ/day 
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What about CoGeNT
• Conflicts with CDMS and Malbek (both germanium 

detectors)

• But, different analysis techniques?90% exclusions from 221 day dataset

28

Preliminary

Annual modulation result
• CDMS II saw no evidence of annual 

modulations above 5 keVnr.  
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keV

nr

kg day]�1 are excluded at the 99% C.L.
For comparison, a similar analysis was carried out us-

ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⌘ L

0

/L
1

, where L
0

is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and �, while L

1

is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the �2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keV

nr

interval.
We extend this analysis by applying the same method

to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.

CoGeNT
CDMS II

• arXiv:1203.1309
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What about CoGeNT?
• Moving target? Uncertainty in backgrounds

Are DAMA, CoGeNT and CRESST in agreement, or not at all?!
•  Including surface event contamination 
next to threshold brings spectral and 
modulation CoGeNT analyses in close 
agreement at ~10-15 GeV.!

•  However, QNa~0.4 seems extremely 
unlikely after UC measurement, 
regardless of theoretical prejudice (see 
arXiv:1007.1005). !

•  … and the modulation observed by 
CoGeNT would be order-of-magnitude 
larger than expected from a standard 
Maxwellian halo. !

•  …DAMA floats an order of magnitude 
higher in coupling than COGeNT/CRESST. 
Are there ways to reconcile?: !
      * Channeling !
      * IVDM!
      * streams, dark disk, etc…!
(let us remember that DAMA is placed in 
! vs m" space via the assumption of a 
Maxwellian halo: if modulation is really 
much larger, DAMA’s ! becomes smaller…) !

Atishoo atishoo we all fall down?!

?! !

CoGeNT !

DAMA !

~CRESST !
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CDMS-Si?

Enectali Figueroa-Feliciano / Fermilab Seminar / 2013

CoGeNT �2013⇥
CRESST⇥II �2012⇥
DAMA⇤LIBRA �2008⇥
XENON100 �2012⇥
XENON10 S2 �2013⇥
EDELWEISS Low⇥threshold �2012⇥
CDMS II Ge �2010⇥
CDMS II Ge Low⇥threshold �2011⇥
90� Upper Limit, this data
90� Upper Limit CDMS II Si Combined
Best fit, this data
68� C.L., this data
90� C.L., this data

Profile Likelihood Confidence Intervals

• A profile likelihood analysis favors a WIMP
+background hypothesis over the known 
background estimate as the source of our 
signal at the 99.81% confidence level (~3!, p-
value: 0.19%).

• The maximum likelihood occurs at a WIMP 
mass of 8.6 GeV/c2 and WIMP-nucleon cross 
section of 1.9x10-41cm2.

• We do not believe this result 
rises to the level of a 
discovery, but does call for 
further investigation.
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And the recent LUX result
(combined with Xenon)

5

0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].
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XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of ⇥ 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Problems in the energy scale
• Light yield of low energy nuclear recoils hard to 

calibrate

• Lots of work but lots of controversy

• 1106.0653, 1010.5187, 1006.2031, 1005.3723, 
1005.2615, 1101.6080, 1011.6439 (many more)

• LUX claims to be conservative but some people still 
have questions
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Money and politics
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Projections
1.10 Direct Detection Program Roadmap 39
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Figure 1-26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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Dark Matter, Sept 2007 Rick Gaitskell, Brown University, DOE

DM Direct Search Progress Over Time (2012)

    ~1 event kg-1 day-1       

   ~1 event 1 tonne-1 yr-1      

(Gross Masses kg)

LZ 7t!=2 10-48

Plot does 
not track 
low mass 
WIMPs 
10 GeV

Many of 
current 
projections 
omitted from 
this plot

5Friday, May 18, 12
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Bubble Chamber Operation Cycle 

21 August 2013 15 
M.B. Crisler SNOLAB Future Projects 

Workshop 

PICO/COUPP fast compression bubble chamber

• Pressure expansion creates 
superheated fluid, CF3I

• I for spin-independent 

• F for spin-dependent

• Alternatives - e.g. C3F8

• Particle interactions nucleate 
bubbles

• Cameras see bubbles

• Recompress chamber to reset

Bubble&chamber&operation&

Water&
(buffer)&

Propylene&Glycol&
(hydraulic&fluid)&

CF3I&
(target)&

to&piston&/&pump&

�!Expand!the!chamber!
to!the!superheated!
state!(10sec).!
!
�Cameras!see!the!
bubble!

�Trigger!
�Stereoscopic!
position!
information!
!

�Recompress!the!
chamber!(100msec)!
and!wait!30sec!after!
every!bubble.!

Synthetic&
silica&jar&

February&2nd,&2013& 9&Russell&Neilson&
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Why bubble chambers?

• By choosing superheat parameters appropriately 
(temperature and pressure), bubble chambers are blind 
to electronic recoils (10-10 or better)

• To form a bubble requires two things

• Enough energy

• Enough energy density - length scale must be 
comparable to the critical bubble size
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CF3I (various)
CF3I fit
C3F8 (various)
C3F8 fit

Preliminary

Tuesday, November 19, 13



Why bubble chambers?

• By choosing superheat parameters appropriately 
(temperature and pressure), bubble chambers are blind 
to electronic recoils (10-10 or better)
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comparable to the critical bubble size
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Why bubble chambers?

Tuesday, November 19, 13



Why bubble chambers

• Easy to identify multiple scattering events               Neutron 
backgrounds

• Easy DAQ and analysis chain

• Cameras

• Piezos

• No PMTs, no cryogenics
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We take pictures
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Why not bubble chambers?

• Threshold detectors - no energy resolution

• Harder to distinguish some backgrounds, less information 
about any potential signal

• Alphas (several MeV) were a big concern

• Energy threshold calibrations are hard and important

• Bubble chambers are slow - about 30 s of deadtime for every 
event

• Overall rate must be low
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About those alphas

• Discovery of acoustic discrimination against alphas by 
PICASSO (Aubin et al, New J. Phys 10:103017, 2008)

• Alphas deposit energy over tens of microns

• Nuclear recoils deposit theirs in tens of nanometers

• In COUPP bubble chambers, alphas are several times louder
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The PICO program
• COUPP4: A 2-liter chamber operated at SNOLAB from 2010-2012

• COUPP60: Up to 40 liters, running at SNOLAB now

• PICO-2L: Refurbished COUPP4 with C3F8, filled two weeks ago

• PICO250: Ton scale detector, R&D funded by NSF and DOE, at SNOLAB 
in 2016?
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!  150 mm diameter fused silica jar 
!  Closed by a flexible stainless steel 

pressure balancing bellows 
!  Instrumented with 

"  Temperature, Pressure Transducers 
"  Fast Transient Pressure Transducer 
"  Piezo Electric Acoustic Transducers 

!  Immersed in hydraulic fluid within 
a stainless steel pressure vessel 

!  Hydraulic pressure controls the 
superheated fluid pressure 

!  Viewed by machine vision 
cameras 

The Bubble Chamber 

26 July 2012 8 M.B. Crisler IDM 2012 

COUPP-4
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COUPP4: First run 2010-2011
• 17.4 live days at 8 keV threshold

• 21.9 live days at 11 keV threshold

• 97.3 live days at 16 keV threshold

• 79% acceptance for nuclear recoils after all cuts (including fiducial)
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Commissioning data, 40 C

Commissioning data, 37 C

Physics data, 34 C

Target exposure
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• Better than 99.3% rejection against alphas at 16 keV threshold

• Limited by statistics, and backgrounds

COUPP4: Acoustic discrimination

−1 0 1 2 30

20

40

60

80

100

120

ln(AP)

C
ou

nt
s/

0.
05

 A
P

 

 

AmBe data sample
WIMP search data

20 recoil− 
like events

2474
alphas

    Acoustic
cut, 96%
acceptance
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• 20 WIMP candidates (6 at 8 keV, 
6 at 11 keV, 8 at 16 keV)

• 3 multiple bubble events imply 
neutrons

• U, Th in the piezo-acoustic 
sensors and the viewports

• Remaining excess of singles at 
low threshold

• Time clustering

• Correlated with activity at 
water-CF3I interface

COUPP4: Results and sensitivity
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neutrons
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• Given uncertainties on backgrounds, no background 
subtraction:  PRD 86:052001 (2012)

COUPP4: Results and sensitivity
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• Given uncertainties on backgrounds, no background 
subtraction:  PRD 86:052001 (2012)

COUPP4: Results and sensitivity

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini
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COUPP60
• Engineering run at shallow site in 2010 

• Low backgrounds and acoustic 
discrimination

• Fluid darkening due to 
photodissociation of iodine

• Excessive surface rate

• Solutions tested in second run 
November, 2011

• Commissioning at SNOLAB

Preliminary
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COUPP60
• Engineering run at shallow site in 2010 

• Low backgrounds and acoustic 
discrimination

• Fluid darkening due to 
photodissociation of iodine

• Excessive surface rate

• Solutions tested in second run 
November, 2011

• Started moving to SNOLAB last summer

Preliminary
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• Filled with 36.8 kg of CF3I at end of April

• First bubble observed on May 1(radon decay)

• Physics data started June 13

COUPP60
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• Collected 1378 kg-days of dark matter search data 
between 10 and 20 keV threshold

• Good live fraction > 80%, no darkening

• >1500 neutron source events from calibration runs

COUPP60
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COUPP60
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• August 9, we discovered a small hydraulic leak

• We stopped cycling the chamber, leak closed up

• Traced to top flange seal

• Operations on hold until we could get into the water tank 
to fix the problem

• Started running again 
last week
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• Position reconstruction working 
well

• Clear set of events on surface 
and hemisphere

• Not a background, and rate is 
under control

COUPP60 - the data
Z&=(),%49=%&#';9@@*&'[(=$>(),'

49)?%+"&'AA'3'K\6]1',&$4=:'#$%$N'

^O_'

Z&=(),%49=%&#';9@@*&'[(=$>(),'
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Preliminary

Preliminary
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• Acoustics are working 
well

• Calibration data show 
a narrower 
distribution than 
COUPP4

• Alpha discrimination still 
very strong
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AmBe neutron source
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COUPP60 - the data
Preliminary
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• Analysis still under development

• Good news: Zero multiple bubbles, no 
neutrons. Limit is factor 3 below observed 
rate in COUPP4

• Bad news: Population of events that sound like 
nuclear recoils but are clearly not WIMPs

• Silver lining: statistics - we can actually 
study them in detail

• Early indications confirm a slightly different 
acoustic distribution and similar timing and 
spatial correlations for at least some 
fraction of events

COUPP60 - the data
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• Analysis still under development

• Good news: Zero multiple bubbles, no 
neutrons. Limit on neutron rate is factor 3 
below observed rate in COUPP4

• Bad news: Population of events that sound like 
nuclear recoils but are clearly not WIMPs

• Silver lining: statistics - we can actually study 
them in detail

• Early indications confirm a slightly different 
acoustic distribution and similar timing and 
spatial correlations to COUPP4 background 
for at least some fraction of events

COUPP60 - the data
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PICO-2L (COUPP4 redux)

• Alternate fluid - remove the iodine - C3F8

• Lower threshold (down to 3 keV in test stand)

• Improved sensitivity at low WIMP mass

• ~1 event per day from recent CDMS result

• Improved SD sensitivity

• First effort in concert with the PICASSO 
collaboration

• Chamber filled two weeks ago
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PICO-2L (COUPP4 redux)

• Why C3F8 again?  Excellent gamma rejection at a 
lower threshold
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PICO-2L 

ï0.08 ï0.06 ï0.04 ï0.02 0

ï0.05

0

0.05

Time (s)

V
ol

ta
ge

 (V
)

• Now taking 
data!
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PICO-250 (fka COUPP500)
• New merger with Canadian PICASSO 

collaboration (recent vote chose PICO 
as the new name)

• Funded by NSF and DOE as part of 
G2 (big showdown in November?)

• Engineering well underway

• Construction 2015-2016?
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Projections
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Projections
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expected�sensitivity

P d X St 1 PandaX Stage 1b: PandaX Stage 2:PandaX Stage�1a:

• light�yield:�4Ͳ5�pe/keVee
• S1�energy�range:�3Ͳ30�pe
• exposure:�25�kg�x�60�days

PandaX Stage�1b:

• light�yield:�2.5�pe/keVee
• S1�energy�range:�3Ͳ30�pe
• exposure:�300�kg�x�180�days

PandaX Stage�2:

• light�yield:�2.5�pe/keVee
• S1�energy�range:�3Ͳ30�pe
• exposure:�1000�kg�x�1000�daysp g y

• NR�acceptance:�0.35
• estimated�bkg events:�0.3

• NR�acceptance:�0.35
• estimated�bkg events:�0.5

• NR�acceptance:�0.35
• estimated�bkg events:� 1.2

Projections
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• Dark matter searches are making fast progress (indirect, accelerator and 
direct)

• PICO is producing the best direct detection limits on spin-dependent dark 
matter

• PICO bubble chambers are also competitive for spin-independent searches

Conclusion
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4

tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7⇥, 4.9⇥, and 5.1⇥, while the charge threshold
had been set at 4.5⇥ from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident � was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e�ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our
signal region.

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the
exposure analyzed in this work alone (black dots), and com-
bined with the CDMS II Si data set reported in [22] (blue solid
line). Also shown are limits from the CDMS II Ge standard
[11] and low-threshold [27] analysis (dark and light dashed
red), XENON10 S2-only [28] (light dash-dotted green), and
XENON100 [29] (dark dash-dotted green). The filled regions
identify possible signal regions associated with data from Co-
GeNT [30] (magenta, 90% C.L., as interpreted by Kelso et
al. including the e�ect of a residual surface event contam-
ination described in [31]), DAMA/LIBRA [16, 32] (yellow,
99.7% C.L.), and CRESST [18] (brown, 95.45% C.L.) experi-
ments. 68% and 90% C.L. contours for a possible signal from
these data are shown in blue and cyan, respectively. The as-
terisk shows the maximum likelihood point at (8.6 GeV/c2,
1.9⇥ 10�41 cm2).

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.

Fig. 4 shows the resulting best-fit region from this

DAMA

CRESST

CoGeNT

CDMS
Xenon

The mess at low mass
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Dark matter controversies

DAMA - 
positive claim 
for 10 years!
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• CDMS - 3 candidate events over an estimated background 
of ~0.7. WIMP hypothesis fits with p-value of 68%, 
background only at 4.5%

• Nuclear recoil events (CDMS has discrimination, unlike 
DAMA or CoGeNT)

We’ll see?

• Half the field is now doing low threshold searches or 
revamping their detectors

• Including COUPP with COUPP4-lite
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Detour: Threshold and efficiency

• Threshold determined from Seitz, Phys. of Fluids 1, 2 
(1958) 
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Surface"energy"
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October"15,"2012" Russell"Neilson"

• Energy deposition Eth within length Rc will nucleate a bubble 
(Hot Spike model)

• Theory assumes a step function above threshold
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Detour: Threshold and efficiency

Rate =

�
WIMP recoil spectrum � Bubble nucleation efficiency (3)
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Detour: Threshold and efficiency

• Threshold determined from Seitz, Phys. of Fluids 1, 2 
(1958) 
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• Energy deposition Eth within length rc will nucleate a bubble 
(Hot Spike model)

• Theory assumes a step function above threshold

• Needs calibration
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Detour: Threshold and efficiency

• Complicated by molecule, CF3I 

• Recall that the recoil track length L must be comparable 
to the bubble radius RC

0 1 2 3 4 5 6 7
0

0.5

1

1.5

2

2.5

3

3.5

L / R
c

p
d

f

 

 

15 keV 
127

I in CF
3
I

15 keV 
19

F in CF
3
I

15 keV 
12

C in CF
3
I

101 keV 
218

Po in CF
3
I

6 keV 
19

F in C
4
F

10

101 keV 
218

Po in C
4
F

10

0 1 2 3 4 5 6 7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

L / R
c

c
d

f

 

 

15 keV 
127

I in CF
3
I

15 keV 
19

F in CF
3
I

15 keV 
12

C in CF
3
I

101 keV 
218

Po in CF
3
I

6 keV 
19

F in C
4
F

10

101 keV 
218

Po in C
4
F

10

Tuesday, November 19, 13



Carbon and fluorine
• Use neutron calibration sources at SNOLAB

• Compare MCNP-predicted rates of single, double, triple and 
quadruple bubble events with observation

• Data show a shortfall of events compared to simulation of the 
Seitz Model- i.e. the threshold is not a step function
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What about iodine?
• Main sensitivity to spin independent dark matter from iodine

• 85% of neutron source interactions are with C and F

•Heavy radon daughter nuclei are a proxy and are step-like
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Alpha data
Radon model prediction, with range of alpha contribution

• We really need a direct calibration
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• Bubble chambers are insensitive to MIPs

• Elastic scattering of charged particles can be tracked with 
very high precision

Alternate approach
I Superheated fluids are unique among dark matter detectors-

they are insensitive to MIPs
I Allows for elastic scattering of high momentum charged particles -

can be tracked with very high precision

! Consider a p=10GeV/c !- elastic scatter off a heavy nucleus

KE goes like momentum transfer (P=p"):   T = P2/2M

Independent of projectile mass: e.g. !- p=10 GeV/c 10mrad ! P=100 MeV/c, T
I
= 10 KeV

Limited by Multiple Coloumb scattering T
I
>2.5 KeV  for 3"MCS

! Tracking with conventional MWPC spectrometer in test beam.  Trigger on every track.

Point to the bubble,  Measure fraction of bubbles/scatter vs T(")

~3/4 of all scatters are from elastic I scattering

Shape of dN/dT gives gives efficiency, #I(T).

Empty / dummy target scattering data require to remove non CF3I scatters; normalization

!This was all done in FNAL-E69 25 years ago. 70 GeV/c !!-- Sn elastic measured.  PRD 21,3010 (1980)
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• Provides event by event energy information bubble 
chambers normally can’t provide

• 75% of elastic scattering events with 12 GeV pions at 
energies relevant to dark matter involve iodine
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I Superheated fluids are unique among dark matter detectors-
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• Test beam at Fermilab with a silicon pixel telescope

• Designed a new test tube sized bubble chamber

Piezo-acoustic 
sensor

Water bath

Beam tube

Hydraulic
 “top hat”

Hydraulics

Piezo-acoustic
sensor

Beam tube

Water bath

COUPP Iodine Recoil Threshold Experiment
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Position'correlations'

October(15,(2012( Russell(Neilson( 38(

Observed(bubbles(are(correlated(with(pion(track(scatters(in(position.(

• Beam run at Fermilab in March, 2012
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• Analysis shows that iodine threshold is very close to 
a step function at the predicted energy

• Limited by resolution (MCS) and statistics

COUPP Iodine Recoil Threshold Experiment
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