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• What does it take to find WIMPs directly?  

• Have we already discovered WIMPs? 

• Have we got what it takes to (re)discover them? 
–Acc: $/TeV 
–Indirect Detection: Annihilation in Galactic Center 

expected to be strong, but do we understand BGs?  
Dwarf Galaxies Weak Signal, but lower systematic in BG 

–Direct Detection: ~1 / kg / Century to < 1 / tonne / Century 

• Complementarity  
    / This Talk Focuses on Direct Detection
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How can we be so confident we are 
seeing nothing? 

How can we be so confident we are 
seeing something? 

How can we be so confident we are 
seeing dark matter?
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Dark Matter Underground Searches - 1987
•First publication on an underground experimental search for cold dark matter (Ahlen et al. 
1987. PLB 195, 603-608).

 http://www.pnnl.gov/physics/darkmattersymp.stm
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•1986 operating a 0.8 kg Ge ionization 
detector at Homestake Mine, SD (adjacent 
to Ray Davis’s operating Solar Neutrino 
Experiment) 

33 kg-days

1 cts/keVee/kg/day

Sensitivity ~100 Events / kg / day



Rick Gaitskell (Brown)LUX Dark Matter Experiment / Sanford Lab

Gaitskell (Graduate Work) Superconducting Nb Single Crystal Detector

•1 cm long - 12 g - 250 eV Threshold - “State of the Art in 1991” 
•Superconducting Tunnel Junction arrays detecting phonons and quasiparticles from Nb
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Doubling every 2 years

Factor 10 every 6.5 years

http://education.mrsec.wisc.edu/SlideShow/images/computer/Moores_Law.png
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Doubling every 2 years

Moore: Factor 10 every 6.5 years

http://education.mrsec.wisc.edu/SlideShow/images/computer/Moores_Law.png
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XENON10, LNGS, 2006
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XENON10, LNGS, 2006
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LUX, Sanford Lab, 2010
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LUX, Sanford Lab, 2011
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Sanford Lab, May 2012
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Idealized Dark Matter Direct Detection Experiment

•A Simple Binary Indicator that only registers nuclear/Dark Matter recoil events 
and nothing else - “Platonic ideal” 
◆We almost have this in PICO (COUPP) bubble chambers

20



Conventional BC operation

(high superheat, MIP sensitive) Low degree of superheat, sensitive to nuclear recoils only 

Neutron
WIMP-type signal

(single scatter neutron)muon

60°C 40°C 40°C

COUPP: bubble chamber reimagined

Juan Collar, UChicago:  
ultra-clean Bubble Chamber:  

Bolte et al., NIM A577 (2007) 569

      Science 319 (2008) 933,  

Phys. Rev. Lett. 106 (2011) 021303 

CF3I, 

Also C3F8, C4F10, CF3Br


γor e- rejection > 1010  



• Filled with 37 kg of CF3I 
(originally COUPP-60) 
Operation started mid 2013 
Now reported best Spin-
dependent Proton-coupling 
Sensitivity

PICO-60
• ~3000 kg-days of exposure 

between 9 and 25 keV 
threshold 

• >1500 neutron source events 
• Ultimate goal of 3 year run 

(50000 kg-days exposure)



p
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Idealized Dark Matter Direct Detection Experiment
•A Simple Binary Indicator that only registers nuclear/Dark Matter recoil events 
and nothing else - “Platonic ideal” 
◆We almost have this in PICO (COUPP) bubble chambers 

•However, 
◆We will naturally be skeptical of the occasional events - do they fit the pattern 

—CF3I nuclear recoil events were time clustered  

◆The absence of a dark matter beam off test means that it is particularly difficult to address the 
possibility of misidentification of backgrounds/systematic 

•So we require more information about each event  
                and for the detector response to be as homogeneous as possible 

◆We also want to do physics with recoil energy spectrum / target dependence  
◆Maybe we can return to the platonic ideal … reduce competing backgrounds

24
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How Many Gammas/Second?

>1,000 γ/ second/human

Governor Rounds visits 
Sanford Lab, 2010



Reactor building directly after Chernobyl accident

Full body CT scan

Average in US (excluding Radon gas in air)

Average in US (including Radon gas in air)

Davis Cavern - 4850’ underground

2 108

15

3 105

Effective Radiation Exposure per Hour from Gamma Rays

0.1
0.3

1 10-12

1 10-3

4 10-16

Middle of Water Tank

Middle of Detector

Average in Ramsar, Iran

*1 Gy = 1 J/kg = 100 rad

μGy/hr

1010

105

100

10-5

10-10

10-15

10-20 Rick Gaitskell, Brown University
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Reduction in Backgrounds
•Electron Recoil Events

27

LUX-ZEPLIN (Xe 6 Tonne Fid.)
pp solar neutrino floor for Electron Recoils
Rn-related backgrounds are likely to 
present above this level

Thanks to David Malling, Brown, for preparing slide
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Key Sensitivity Improvements
•Some targets have been scaling in size significantly 
◆Provides raw sensitivity for lower cross sections - Club Sub Zepto <10-45 cm2 (<1 events/kg/century) 

• In 2 years sensitivity to 50 GeV WIMPs has improved by a factor 10. Recent LUX detector sensitivity ~10 / kg / Century 

•Low Mass WIMPs - energy thresholds very important for sensitivity 
◆Improving energy sensitivity/thresholds 

•Greater rate of sensitivity improvement for low mass WIMPs , all the way down to 3 GeV WIMPs 
◆Improvements => Potential Signals - seen in multiple detectors, motivated detector energy threshold reduction 
◆We have re-spawned quite an industry - smaller mass detectors able to make interesting contributions 

•Very Low Energy Calibrations (Electron Recoil + Nuclear Recoil) are being hotly pursued in a 
range of materials 
◆Some calibrations are up-ending previous shibboleths  
◆Others are showing convergence in the understanding of response of specific targets 

•Importance of Background Calibrations/Discrimination with very High Statistics 
◆ Allows Convincing Use of Likelihood Models for Signal + Background 
◆Accuracy of Monte Carlos has become remarkable good  
◆But requires the right detector geometry/calibrations in order to be credible 

•Improving understanding of the detector response/physics of target material 
◆In 90’s/00’s we saw a lot of effort in phonon, quasiparticle, electron-hole 
◆In 00’s/10’s have seen tremendous progress in photon/ionization, and superheated liquids  

28



LUX in Water Tank - First Run 2013 / Last Run Ended Sept 2016
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LUX	major	papers:	

arXiv:1512.03133	  
arXiv:1512.03506	  
arXiv:1602.03489	  
arXiv:1608.05381	  
arXiv:1608.07648	  
arXiv:1610.02076	  
arXiv:1704.02297	  
arXiv:1705.03380	

At Invisibles ’17 from LUX & LZ 
Shaun Alsum, U. Wisconsin-Madison 
Maria Francesca Marzioni, U. Edinburgh 
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Beam Projection in Active Region
• The shine from neutron scatters in passive detector materials is visible.

• Historically, NR calibrations have significant systematics associated with 
neutrons scattering in passive material. 

• We can fiducialize away from such backgrounds!
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Neutron Calibration of Xe Response

32

Gold + show 
uncertainties from  
INDIVIDUAL 
scattering events

Blue + show error 
weighted combination 
of all events



p-value = 40% 
(BG only)

33

LUX 332 live-day WIMP search run

Open Black Circles  
     - Events failing fiducial cuts / surface events
Solid Black - Backgrounds and Candidate  
WIMP events expected between red dotted lines



Estimation of Backgrounds
✿ Actually perform a full 

likelihood analysis for all S1,S2 
signal space, so these 
numbers are simply to give 
you a sense of the relative 
contributions  

✿ Bulk volume, but leakage at 
all energies  

✿ Low-energy, but confined to 
the edge of our fiducial 
volume 
❀ Our likelihood analysis 

includes position information, 
so these events have low 
WIMP(signal) likelihood 

✿ In the bulk volume, low- 
energy, in the NR band

34
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Expected Neutrino Backgrounds

⌫ +N �! ⌫ +N

•Neutrino-nucleus coherent scattering (solar) could be observed in Xe TPC

Laura Baudis et al., JCAP01 (2014) 044F. Ruppin  et al., 1408.3581
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.
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corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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where m
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is the nucleus mass, G
f

is the Fermi coupling
constant and Q

!

= N � (1 � 4 sin2 ✓
!

)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓

!

the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m

�

,�SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

pp
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Both LUX Runs WS2013+WS2014-2016 Combined 
PRL Jan 2017 / arXiv:1608.07648

36

(the 1 TeV Higgsino is 
partially ruled out)

arXiv:1508.01173 
arXiv:1603.06519
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Expected Neutrino Backgrounds

⌫ +N �! ⌫ +N

•Neutrino-electron scattering provides a “conventional” background that will 
dominate electron recoil rates in inner fiducial region of 10 tonne Xe detector 
◆Requires ER rejection at 99.5%+ level to remove 

•Neutrino-nucleus coherent scattering (solar, atmospheric and supernovae 
neutrinos) ultimately becomes WIMP search background 

Laura Baudis et al., JCAP01 (2014) 044F. Ruppin  et al., 1408.3581
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.
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to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
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In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]
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and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m

�

,�SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

pp
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WIMP Searches: Large Mass Liquid Argon Detectors
•Current WIMP Search Results 
◆Last reported WIMP search results from Darkside-50 (50 kg 

active mass) in 2015 (Phys. Rev D. / See arXiv:1510.00702) - 
used low activity Ar - {Add Sensitivity Limit} 

◆DEAP 3600 (3.6 tonnes total Ar mass) completed ~2 years ago. 
Awaiting first search results / results on backgrounds - possibly at 
TAUP 2017 in July 

◆miniCLEAN (~300 kg active) still awaiting first search results. 
Operational issues. 

◆ArDM. Status not clear. 

•New Argon Collaboration  
  - Darkside-20k (20 tonnes) 
◆Research groups from  

Darkside, DEAP, ArDM, MiniCLEAN  
plan to collaborate 

◆Approved by INFN and LNGS in April 2017
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WIMP Searches: SuperCDMS
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SuperCDMS
•First Payload will be modest - 2 iZIPs+ 2HV  
•Optimal Interval  
•No background subtraction initially (although will develop new proj. including) 
•No nuclear recoil discrimination for HV  
◆3H dominant for Ge 
◆32Si dominant for Si 

•Recovering nuclear recoil  
discrimination at low mass,  
e.g., through ≤10eV rms  
phonon resolution in HV det.  
-> Neutrino Floor  

•Possible Merger: 
   SuperCDMS+Eureca 

40



LZ	Detector	-	10	tonnes	Xe

41

Replaces	LUX	at	the	Sanford	Underground	Research	Facility	(SURF)
Technical	Design	Report	

arXiv:1703.09144  
260	Authors 
400	Pages
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LZ’s Reach
✿ Turning on by 2020 with 1,000 

initial live-days plan 

✿ 10 tons total, 7 tons active, 
~5.6 ton fiducial mass 

❀ Due to unique triple veto 

✿ GOALS: < 3 x 10-48 cm2, at 40 
GeV. Clip ν shoulder

6 keVnr threshold with at 
least 99.5% discrimination

42

(latest)

Many Higgs-

mediated models 

probed

*plot and models from LZ’s Conceptual Design Report, arXiv:1509.02910
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WIMP Signal: DAMA (100 kg) / LIBRA (250 kg) NaI @ LNGS

•Annual Modulation 
◆Significance is 9.3σ  
◆1-2% effect in bin count rate  
◆Appears in lowest energy bins 
◆Can another experiment observe this 

effect?
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DAMA/LIBRA

44

9.3 σ C.L.
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DAMA/LIBRA

46

9.3 σ C.L.
REPORTED IN 2013… since then?…
Phase 2  
- improved PMTs with better light collection. 5.5-7.5 phe/keVee -> 
10 phe/keVee, lower energy threshold ~2 keVee
- Data taking began in 2011 so 6+ annual cycles  
- We expect first report with ~1 tonne x year. So results very soon
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Princeton Low Activity NaI Program



Dark Matter Searches Rick Gaitskell, Brown University, LZ/LUX/DOE48



Dark Matter Searches Rick Gaitskell, Brown University, LZ/LUX/DOE

The Practical Matter of a Low Energy Rare Event Search
•Dark Matter signals will be expected to appear first in the lowest energy bins of 
an experiment that is still in search mode 

•Unfortunately, that is also where the first indications that systematics are 
starting to dominate 

     Thresholdinos 
•You should be ready to be skeptical of the results from your uppermost and 
lowermost bins of your histogram - Attributable, in spirit to Lord Rutherford (I believe)  

•It is difficult to control systematics that may cause events to be in edge bins/tails 
◆This is particularly important when a result is dependent on subtle effects 

•And we will need to push the detectors by another 104 before we reach the 
irreducible coherent scattering atm. neutrino backgrounds
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Empirical Points Worth Considering
•You should be ready to be skeptical of the results from your uppermost and lowermost 
bins of your histogram - Attributable, in spirit to Rutherford (I believe)  

•It is difficult to control systematics that may cause events to be in edge bins/tails 
◆This is particularly important when a result is dependent on subtle effects 

•In dark matter we are often forced to push our detectors into condensed matter 
regimes or ultra low background levels (at low energy) that have not been studied 
before 
◆We must show conservative approach to calibration/interpretation of signal excesses 
◆Ensure there is adequate study of the more mundane explanations 

•An ideal dark matter detector could be a single bit showing WIMP event/No WIMP event if we had perfect 
discrimination… an extra few bits of energy information would assist determination of particle/astrophysics 
◆Reality is that we need as much information as we can to differentiate rogue signals from genuine WIMPs
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The Practical Matter of a Rare Event Search
•In 30th year of searching - now at a sensitivity that 105 better than the first 
round - we need detectors with a  

     Low Sisyphean Index † 
•They must want to work correctly / do so without misleading us / low 
complexity - mustn’t roll back down the hill when we stop paying attention for a 
moment 

•And we will need to push them (pun indented) by another 103 before we reach 
the irreducible coherent neutrino backgrounds

51
† Experimentalist’s Perspective of the Technology itself, not the definition that the task can never be completed 
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XENON1T just announced first results
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Conclusions - Direct Detection
•New Results Announcements Recent/Expected in 2017 
◆Xe: LUX Full exposure published / PandaX 500 rolling updates / XENON1T just reported first result 
◆DEAP3600 - look toward announcement at TAUP 
◆DAMA Phase 2 = 1 tonne x year 
◆SuperCDMS@Soudan - Final high threshold results 

•US Selection Process of G2 “Generation 2” Dark Matter Experiments: LZ, SuperCDMS, ADMX 
◆LZ completed CD3B in September 2016 - construction is fully underway at Sanford Lab for operation in 2020 
◆SuperCDMS CD2/3B Seeking permission to start construction in Dec 2017 

•Europe  
◆XENONnT will be installed after 3 years of XENON1T data, construction underway 
◆DarkSide20k (20 tonne) seeking approval from multiple agencies  

•Low Mass WIMP signal(s) - sensitivity has improved by three orders of magnitude since 2012 
◆Critically there has also been an improvement in our understanding of potential systematics in detector response 
◆This Focus - Has brought the best out of people. Yes, we are combative, but that is the spice that makes the best sauce, and it has caused 

us to hone our arguments, and improve our detailed understanding of the detectors/backgrounds 
◆Calibration strategies that can provide abundant statistics, and have low systematic uncertainties are critically important 

•We have improved the sensitivity to 50 GeV WIMPs by > factor 20 in the last three years (Compare 5 
orders of magnitude in the last 25 years => we are accelerating progress) 
◆New larger detectors are being delivered in order to keep this rate of improvement 

•The Spectre of Discovery is always upon us, and is a great responsibility 
◆Clearly, multiple detectors / multiple techniques will be required to build a robust case of discovery
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