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Medieval 
Universe

thanks to Joel Primack, UC Santa Cruz
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Confession

>95% of the Composition of 
the Universe is still unknown
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What is the Universe made of ?

68%

27%
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Complementary Approaches to WIMP Detection
C

WIMP scattering on Earth: 
e.g. LUX: currently leading the 
field

Halo made of WIMPs

WIMP production on Earth

HESS

WIMP annihilation in galaxy 
substructure

GLAST

Fermi Satellite 2008-> 

γ= 2 - 200 GeV
Air Cherenkov Telescopes 
HESS,MAGIC,Veritas => ACT

Neutrinos  
e.g. SuperK / ICE3

Also anti-particle sig. 
e.g. Pamela / HEAT / AMS



Gaitskell / Brown University

• What does it take to find WIMPs directly?  

• Have we discovered WIMPs? 

• Have we got what it takes to (re)discover them? 
–Acc: $/TeV 
–I.D.: Annihilation in Galactic Center expected to be strong, 

but do we understand BGs?  
Dwarf Galaxies Weak Signal, but lower systematic in BG 

–D.D.: ~1 / kg / Century to < 1 / tonne / Century 
• Complementarity  

    / This Talk Focuses mainly on Direct Detection
7
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Solution for Naturalness & LSP DM appears challenging

•A full natural model CMSSM in trouble after LHC Run 1 
◆Fine tuning required of 

• Weak Scale 
• Higgs Mass 
• Relic Density (special co-annihilation or resonant effects required) 

•Move to more pragmatic Approach 
◆Simplified Models 
◆Effective Field Theories



Gaitskell / Brown University

Indirect Detection

• 90’s: Egret , SuperKamikande, HEAT 
• 2003 INTEGRAL (511 keV line) 
• 2008 PAMELA (rising e+ fraction, antiproton spectrum) 
• 2010- FERMI Satellite Hint of Galactic Center γ-Ray Excess 
• 2013- FERMI γ-Ray Excess Limits on Dwarf Galaxies 
• 2013 AMS-02 First Science Results 
• 2014 AMS-02 Extended Energy 

• Air Cherenkov Telescopes: HESS, VERITAS, MAGIC (CTA)
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PHYSICS ITALIAN 
STYLE XENON10  
@ Gran Sasso

CDMS II: Winter  
@Soudan Minnesota

Sanford Lab 
LUX & LZ 
@Homestake, South 
Dakota

27 years in 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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LUX 14

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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SuperCDMS also focuses on light WIMPs
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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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WIMP MODEL REACH
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Many International Efforts

Picture from L. Baudis, 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

21



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  



PICO:	Bubble	Chamber	Dark	Matter	Search
• PICO	collaboration	operates	two	bubble	chambers	at	

SNOLAB:	PICO-2L	(2	liters	C3F8	target)	and	PICO-60	(20	liters	
CF3I	target	in	2013-2014	Run).	

• Comparison	of	rates	on	different	targets	allows	unique	tests	
of	signal,	background	models.	

• Thermodynamic	conditions	tuned	to	reject	backgrounds	
according	to	specific	energy	loss	(dE/dX).	

• Acoustic	signals	from	bubble	growth	provide	additional	
background	discrimination.

PICO-60	Detector



PICO-	All	Experimenters	Meeting

PICO-2L	2015	ArXiv/	PRL	Submission
• Results	from	2013-2014	run	published	to	ArXiv	(1503.00008)	&	submitted	to	PRL.	
• 211	kg	days	exposure	of	C3F8	target	with	thresholds	from	3.2	keV	to	8.1	keV.	
• 12	recoil-like	background	events.	
• First	direct	detection	result	to	probe	realistic	spin-dependent	couplings	(MSSM).

COU
PP-

4kg
	(20

12)

PIC
ASS

O	(2
012

)	

SIMPLE	(2014)

THIS	RESULT

ATLAS,	CMS Ice
	Cu

be
	χχ

->
W
W
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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

25
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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

28

LUX-ZEPLIN (Xe 5.6 Tonne Fid.)
pp solar dominates 

Thanks to David Malling, Brown, for preparing slide
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Idealized Dark Matter Direct Detection Experiment

•Or a Signal that is Directional - a population of recoils that show strong 
correlation with a direction pointing away from Cygnus 
◆Gas Targets (Low Density)

29
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Directional - DMTPC

30

C Deaconu, MIT
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Recent 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  

31
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ELiquid Xe

Gas Xe

122 
Photomultiplier 

Tubes

Anode Grid

Cathode Grid
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LUX in Water Tank - First Run 2013
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New Nuclear Recoil Calibration for Charge and Light (2015)



James Verbus - Brown University 2015 LOWECAL - September 23rd, 2015

Neutron Conduit Installed in the LUX Water Tank

36
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37

• Neutron generator/beam pipe assembly aligned 
17 cm below liquid level in LUX active region 
to maximize usable single / double scatters

• Beam leveled to ~1 degree

• 107 live hours of neutron tube data used for 
analysis 

Preliminary
LUX
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New Nuclear Recoil Calibration for Charge and Light (2015)
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New Analysis Just Announced this week (December 2015) 
95 live days x 145 kg fiducial mass

•Complete re-anaysis of data taken in 2013  
•(black) Radius < 18 cm  (grey) Radius 18-20 cm   Max Radius 24 cm

Red Band shows expected nuclear recoil distribution 
for 50 GeV WIMP (dashed) 10-90% with (solid) median 
(below) Energies keVnr 

Blue Band shows expected electron recoil distribution 
(dashed) 10-90% with (solid) median 
(above) Energies in keVee
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Pushing Low Mass Search - New LUX Result 

wrt accelerators 
sensitivity continues 
up to 100 TeV+

Search sensitivity improved significantly to look 
down to 3.4 GeV WIMPs with zero background

http://arxiv.org/abs/1512.03506  Submitted to PRL

http://arxiv.org/abs/1512.03506

Coherent 
Scattering of 
neutrinos 8B 
from Sun 
0.1-0.16 evts



LUX in Water Tank - Second Run 2014-2016

42

WIMP Search Mode - goal of >300 live days 
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LUX Summary
•New LUX Analysis of 2013 data 
◆Calibrated response and acceptance efficiencies with low systematics all the way down to 

1.1 keVnr  
◆Improved by >20x sensitivity at 8 GeV mass, >2x at 33 GeV mass 
◆Gives world-leading sensitivity at >=3.7 GeV mass 
◆No evidence for WIMP candidate events in data - signal distributions fully consistent with 

background model 
• Internal Backgrounds (in Xenon): Ar-37, Kr-85m, Xe-127  

•LUX has continued to take WIMP Search data in late 2014, 2015 and will do until 
mid 2016 
◆Goal is >300 live days 
◆Detector will then be removed from Sanford Lab/Davis Lab to make way for LZ Experiment
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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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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
N

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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LB et al., JCAP01 (2014) 044



LZ	Detector	-	10	tonnes	Xe
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Replaces	LUX	at	the	Sanford	Underground	Research	Facility	(SURF)
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LZ on Snowmass über Plot
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• Commissioning: XENON1T (3.3 t LXe) at LNGS 

• Project fully underway LXe: LUX-ZEPLIN 10t (First dark 2019)


• Proposed XMASS 5t LXe


• Proposed LAr: DarkSide 20 t LAr, DEAP 50 t LAr


XENON1T: 3.3 t LXe LZ: 7t LXe DARWIN: 50 t LXe

da
rw
in
.p
hy
si
k.
uz
h.
ch
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• !In!this!slide,!I’d!like!to!explain!our!XMASS!project!at!Kamioka!observatory!in!
Japan.!
• !Our!Binal!goal,!a!ten!ton!scale!detector!of!XMASSE2!will!cover!multiple!purposes!
such!as!dark!matter,!pp!solar!neutrino!and!0ν2β!decay.!
• !Refurbishment!of!XMASSEI!will!be!completed!in!this!autumn!and!XMASSE1.5!is!
planed!to!start!in!2015.!They!are!mainly!for!dark!matter!search.!
• !Commissioning!data!of!XMASSEI!was!taken!from!Nov.!2010!to!May.!2012.!!

Y.#Suzuki,#hep-ph/0008296#

XMASS: 5t LXe

DarkSide 50june 27, 2013 p. 21

Darkside 5000

● R&D and engineering for ton-scale experiment 
"DS G2" with 5t liquid Argon (active volume) and 
a sensitivity of 2·10-47 cm2

● reuse same neutron veto + water Cherenkov veto

DarkSide: 20 t LAr

LZ$
Concept$

Liquid$Xenon:$$
48X$LUX$Fiducial$

Gd`LAB$(Daya$Bay)$Gd`LAB$(25$tonne)$2/28/14$ Harry$Nelson$for$LZ$ 10/23$

Future noble liquid detectors
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XENON1T: status of construction work
• Water Cherenkov shield, cryostat support, service building, electrical plant completed


• Cryostat, cryogenics, storage, purification, cables, fibres installed and commissioned



XENON1T: first light

• Underground in November 2015, cryostat closed


• Next steps: Rn emanation measurement 


• Single photoelectron acquired with the 
new DAQ after cryostat was closed

Top array: 127 PMTs

Bottom array: 121 PMTs

Single 
photoelectron 
in XENON1T



DEAP-3600 Detector at SNOLAB

Completed inner detector 
  255 8” R5912HQE PMTs 
installed in water shield tank

Steel Containment Sphere 
in 8m diameter water shield tank



DEAP-3600 Dark Matter Search at SNOLAB
Project Timeline 

Argon gas runs and                 Fall 2015 
  in-situ background 
  measurements,  
  commissioning  

 Physics Data start                  Early-Mid 2016                  

Project Overview 

3.6 tonnes liquid argon in ultraclean acrylic 
vessel, 255 8-inch HQE PMTs 

1 tonne fiducial mass designed for  
< 0.2 background events/year  

10-46 cm2 sensitivity for ~100-GeV WIMP 
with 3-year exposure

Future Project

Planning for development of future 
  50-tonne argon experiment (photo- 
  detector development, low-background    
  argon and engineering proposal)



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

The Practical Matter of a Rare Event Search
•In 28th 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 104 before we reach 
the irreducible coherent neutrino backgrounds

54
† Experimentalist’s Perspective of the Technology itself, not the definition that the task can never be completed 



B.SadouletHEPAP 140930 

Future Searches
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CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT

(2012)

CDMS Si

(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

LUX (2013)

 DAMIC           (2012)

CDM
Slite (2013)

Si HV

Xenon1T
LZ

LUX 300day

SuperCDMS SNOLAB
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rCDM

S
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NOLAB

8B

Neutrinos

Atmospheric and DSNB Neutrinos

7Be

Neutrinos

COHERENT NEUTRIN O SCATTERING  
CO

HERENT NEU
TRI NO  SCATTERING  COHERENT NEUTRINO SCATTERING  

    SuperCDMS LT (2014)

CRESST (2014)

DEAP3600

G
e iZIP

Higgs 

Asymmetric 
Dark 

A good start at mapping 
SUSY like models



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

Conclusions - Direct Detection
•US Selection Process of G2 “Generation 2” Dark Matter Experiments: LZ, SuperCDMS, ADMX 
◆LZ completed CD1 and will do CD2/3B in April 2016  
◆SuperCDMS CD1 Nov 2015 

• This would allow a more competitive program to be backed with multiple targets 

•New Results Expected in 2016 
◆LUX >300 day exposure  
◆DEAP3600 
◆XENON1T preliminary results from early running 

•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 over an order of magnitude in the last 
two years (Compare 5 orders of magnitude in the last 25 years => we are accelerating 
progress) 
◆Let us look forward to doing something similar over coming years 
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Dark Matter Searches Rick Gaitskell, Brown University, LZ/LUX/DOE

Brown Particle Astrophysics Group - Postdoc Position
•https://academicjobsonline.org/ajo/jobs/6834 

•Search currently active 

•Postdoctoral Position in Experimental Particle Astrophysics/High Energy 
Experiment with my Particle Astrophysics group  
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Dark Matter Searches Rick Gaitskell, Brown University, LZ/LUX/DOE

END
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