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Roadmap	
•  Part	I:		Observa%onal	Evidence	for	

Dark	Ma/er	
–  Origins	to	modern	era	
–  Past,	current,	and	future	hints	from	
structure	forma%on	

•  Part	II:		Surveying	the	Dark	Ma/er	
Field	
–  zeV	to	PeV	and	everything	in	
between	

–  “How	does	X	become	dark	ma/er,	
and	how	can	we	find	it?”	
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Disclaimers	
•  This	survey:	
–  is	NOT	exhaus%ve	
–  is	direct-detec%on	centric	
– probably	won’t	men%on	your	experiment	(trying	
to	choose	examples	not	otherwise	represented	at	
this	conference)	
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Observa%onal	Evidence		–	Origins	
(dynamics)	
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•  Fritz	Zwicky,	1933	
•  Mo%on	of	galaxies	
in	Coma	Cluster	

•  Vera	Rubin	et.	al.,	
1960’s	

•  Mo%on	of	stars,	
satellites	around	
galaxies	
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Modern	
Evidence	for	
Dark	Ma/er	



Observa%onal	Evidence	–	CMB	

•  TT	Power	Spectrum	
–  Snapshot	of	density	varia%on	at	

surface	of	last	sca/ering	
–  Acous%c	oscilla%ons	driven	by	

gravity	and	radia%on	pressure	
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Observa%onal	Evidence	–	CMB	

•  TT	Power	Spectrum	
–  Acous%c	waves	driven	by	gravity	

(all	ma/er)	+	radia%on	pressure	
(baryonic	ma/er)	

–  More	info:	
h/p://background.uchicago.edu/~whu/	
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(with	apologies	to	
						CMB	physicists)	



Observa%onal	hints:	
Structure	forma%on	
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Observa%onal	hints:	
Structure	forma%on	

Requires	cold	dark	ma/er	Dahl,	2/11/2019																																												
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More	hints	from	structure	forma%on?	

•  Missing	Satellites																	Warm	Dark	ma/er?	
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More	hints	from	structure	forma%on?	

•  Missing	Satellites																	Warm	Dark	ma/er	
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Too	Many	 Cold	

•  Current	status:	
– More	Milky	Way	dwarfs	found	

–  Fewer	Milky	Way	dwarfs	predicted	
•  Simula%ons	with	baryons	show	“The	Milky	Way	is	a	lot	
like	the	Cookie	Monster”		–A.	Peter	
h/ps://www.quantamagazine.org/the-problem-of-the-missing-
satellite-galaxies-gives-way-now-theres-too-many-20190109/	



Future	hints	from	structure	forma%on?	
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Buckley,	Peter	1712.06615	

Cusp	

Core	

vs	

•  Observa%ons	favor	
cored	halo	profiles,	DM-
only	sims	produce	cusps	

•  Baryonic	or	dark	ma/er	
physics	at	play?	
–  Simula%ons	indicate	
halo	history	ma/ers…	

•  We	will	learn	more	from	
LSST	/	JWST	/	WFIRST	…	
see	Drlica-Wagner	et	al,	arXiv:1902.01055	



Cold	Dark	Ma/er	Candidates	
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4.3 Non-WIMP dark matter 17
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Figure 4-7. The landscape of dark matter candidates [from T. Tait].

Figure 4-8. The range of dark matter candidates’ masses and interaction cross sections with a nucleus of
Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates have an enormous range of
possible masses and interaction cross sections.

Community Planning Study: Snowmass 2013

Cold	Dark	Ma/er	Candidates	
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Cold	Dark	Ma/er	Candidates	

•  3	Ques%ons	for	each	candidate:	
– How	does	this	give	the	right	amount	of	dark	ma/er?	
– How	do	we	look	for	this?	
– How	do	we	discover	this?	

Dahl,	2/11/2019																																												
Lake	Louise	Winter	Ins%tute	 15	

“Wave”	Dark	Ma/er	 “Par%cle”	Dark	Ma/er	
Black	
Holes	



Ultralight	Dark	Ma/er	

•  Must	be	bosonic	
–  Can’t	fit	enough	fermions	in	dwarf	halos	

•  Minimum	mass	of	~10-21	eV	
–  Compton	wavelength	=	halo	size	

•  Must	be	athermal	/	weakly	coupled	
–  Non-rela%vis%c	->	colder	than	SM	stuff	
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“Wave”	Dark	Ma/er	



Example:		QCD	Axion	

•  Common	Wave	DM	Features:	
–  Product	of	some	new	symmetry	
–  Gets	mass	from	phase	transi%on,	O(µeV)	in	this	case	
–  Born	cold	Dahl,	2/11/2019																																												
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Becomes	dark	
ma/er	density	

QCD	Phase	Transi%on	

Axion	mass	



“Wave”	Dark	Ma/er	Detec%on	

•  Occupancy	#’s	for	ultralight	
DM	are	high	
– DM	behaves	like	a	classical	
field,	oscilla%ng	at	

•  Resonant	detec%on	
possible	(haloscope)	
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Opening New Areas of Discovery Concerning the  
Nature of Matter in the Universe
Only one-sixth of the matter in our Universe is made of the fundamental particles we understand. Understanding 
what the remaining “dark” matter is made of is one of the most important fundamental goals in modern science. 
It connects such disparate scientific areas as the formation of stars and galaxies, the earliest moments of our 
Universe, and the constituents of matter at the smallest length scales. Astronomical evidence for dark matter  
has built steadily for eight decades, though the elementary particles or waves that constitute dark matter remain  
a mystery. Recent theoretical developments have highlighted the importance of searching for dark matter 
particles in the range from as heavy as a single hydrogen atom to the lightest mass consistent with galactic 
structure (30 orders of magnitude lighter). Remarkably, small projects at the $5M–15M scale can explore key 
milestones throughout this range. By seizing these opportunities, we are now in a position to finally discover  
the nature of dark matter.

The Particle Physics Project Prioritization Panel (P5) identified the search for dark matter as one of the five 
priority science drivers for the Department of Energy (DOE) High-Energy Physics Program. The 2014 P5 report 
also recommended a portfolio of small projects to enable an uninterrupted flow of high-priority results. Guided 
by the P5 report recommendation, a Basic Research Needs Workshop held in October 2018 identified three 
Priority Research Directions (PRDs). The PRDs would make use of current DOE facilities (in laboratories above 
and below ground and in accelerators) and complement the ongoing Generation-2 (G2) dark-matter program. 
The G2 program is mostly focused on dark matter particles with mass larger than the proton and also explores 
wave-like dark matter. Looking beyond the current G2 program, we propose complementary searches for dark 
matter particles with mass less than the proton. The overarching goal is finally understanding the nature of the 
matter in the Universe. The full report will be available at https://science.energy.gov/hep.
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FIG. 4. 90% upper confidence excluded region of axion mass and photon coupling ga�� . The red line indicates the limit on
axion-photon coupling with the boosted Maxwel-Boltzman lineshape from the isothermal halo model [37], while the blue like
indicates the limit with the N-body inspired signal [38]. Colored regions indicate systematic uncertainty range. The region
660.16 to 660.27 MHz, marked by the grey bar, was vetoed due to RF interference as described in the text. The inset shows
the results in the context of other haloscope searches.
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ADMX	(RF	Cavity	Search)	

•  Similar	techniques	with	LC	circuits,	NMR,	etc	
•  Could	discover	tomorrow!	
							If	only	we	knew	the	right	frequency…	
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Other	searches	for	ultralight	DM…	
•  Precision	instruments	
looking	for	%me-
varying	signals	
– MAGIS-100:		atom	
interferometer	
sensi%ve	to	~Hz	
oscilla%ons	
(10-15	eV	dark	ma/er)	
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Figure 2: A space-time diagram of an example atom interferometer detector sequence

for the proposed MAGIS detector. The detector consists of two atom interferometers

based on single-photon transitions, one at position x1 and the other at x2 = x1 + L,

where L is the baseline distance. The trajectories of the atoms are shown in blue for

the ground state and red for the excited state. Pulses of light (thin gray lines) are sent

back and forth from each end of the baseline and interact with the atoms (interactions

shown as black dots), transferring momentum to the atoms and changing their internal

state. Whether or not an interaction occurs is controlled by matching the frequency of

the light pulses to the Doppler shift of the atoms. The sequence shown consists of two

single-photon transitions for each atom optic (n = 2, 2~k momentum transferred) and a

resonant enhancement of Q = 4 (four diamonds). The amount of resonant enhancement

can be varied as needed by changing the pulse sequence.

matched using appropriate feedback. Feedback applied to the tip-tilt mirror (show as

TTM in Fig. 3 before the BS) can then be used to control the angle of the LO laser.

Similarly, the angle of the master laser itself can be controlled by comparing it to LO

laser direction and using another tip-tilt mirror.

The pulse sequences used to drive the interferometer can be changed to resonantly

enhance the sensitivity of the detector [13]. The interferometer can be run in a resonant

mode by using the pulse sequence ⇡/2 � ⇡ � . . . � ⇡ � ⇡/2 with Q ⇡ pulses instead of

the standard, broadband ⇡/2�⇡�⇡/2 pulse sequence. These pulses are equally spaced

1 meter 

arXiv:1711.02225	



“Par%cle”	Dark	Ma/er	

•  “Thermal”	dark	ma/er	candidates	
– Produc%on	%ed	to	interac%ons	with	SM	par%cles	
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“Par%cle”	Dark	Ma/er	
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Thermal	produc%on	of	dark	ma/er	
•  Thermal	history,	three	
op%ons	(there	are	more):	
–  Freeze-out	(σann	=	σ0)	
– Asymmetric	(σann	≥	σ0)	
–  Freeze-in	(σann	<<	σ0)	

–  Common	element:	some	
interac%on	with	SM	required	
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Direct	Detec%on	of	par%cle	DM	
•  Elas%c	Recoils	(electron	or	nuclear)	
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Direct	Detec%on	of	Light	DM	
•  Challenges:	
– Threshold!		(~eV	energy	deposi%ons,	single-	or	
few-quanta	measurement)	

– Dark	count	rate	
•  Less	of	a	challenge	
– Exposure	(g	to	kg	enough)	
– Radioac%ve	backgrounds	
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Advancing	Technologies	for	light	DM	

•  eV	Thresholds:	
– Silicon	ioniza%on:	

– TES-based	
micro-calorimeters:			
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10

be ine↵ectual below 5 ms [10]. Luckily, with such a large
signal, start-time resolutions of this order are achievable
(see Sec. X) and thus, if required, this is a reasonable
design requirement.

VIII. EASE OF FABRICATION &
COSMOGENIC BACKGROUND SUPPRESSION:

SEPARATED TES CHIP

CUORE and EDELWEISS have continued to use NTD
sensor technology, despite the many benefits o↵ered by
TES readout, including:

1. A TES is fundamentally more sensitive than a NTD
(larger ↵);

2. The SQUIDs used in TES readout have lower 1/f
noise than JFETs or HEMTs used for first stage
amplification for NTDs;

3. Low-impedance sensors (TESs) are fundamentally
less sensitive to vibrationally induced capacitance
changes in readout compared to high-impedance
sensors (NTDs); and

4. SQUIDs have significantly lower heat loads than
the JFETs or HEMTs used in NTD readout, and
can therefore be placed significantly closer to the
detector, simplifying electronics and cryostat de-
sign.

One reason for this is that both TES-based massive-
detector groups (CRESST and CDMS) fabricated their
TESs directly upon the absorber surface, a feat that
required enormous fabrication process R&D since ev-
ery facet of standard microprocessor fabrication (pho-
tolithography, etching, thin film deposition) had to be
retrofitted for thick and massive substrates. In fact, even
with over a decade of R&D, fabrication yields were still a
significant resource drain until recently on CDMS. Fur-
ther, the time and labor intensive nature of micropro-
cessing fabrication means that absorbers spend a signifi-
cant amount of time on the surface being cosmogenically
activated, certainly a disadvantage for low mass WIMP
searches, for example. This direct absorber fabrication is
required since the W TES in CRESST has 2 distinct func-
tions. First, it is a temperature sensor. This is the func-
tionality that requires microprocessor fabrication tech-
niques on multiple di↵erent thin film layers: Al for the
superconducting bias rails, W for the TES, and Au for the
thermal connection to bath. Second, the electron-phonon
coupling within the W film acts as G

ta

. Because it is only
this latter functionality that requires fabrication directly
upon the absorber, design goals of fabrication simplicity
and minimum cosmogenic exposure require that the TES
does not act as the thermal link between the sensor and
the absorber.
As illustrated in Fig. 9, we propose to deposit a large,

single layer Au thin-film pad directly onto the large ab-
sorber substrates that plays the role of G

ta

. This can

Au Pad 
on Absorber

Au Pad 
on Absorber

TES

Al

Gta

Gtb

Si TES 
Chip

Au

W

Absorber

FIG. 9. Optimized large-mass calorimeter sensor design.
Only the large Au pad is directly fabricated on the large ab-
sorber.

be done using only shadow mask techniques (albeit with
a depostion machine modified for thick substrates) and
consequently fabrication should have very high yield and
be relatively hassle free since there is no photolithography
and etching. As an added benefit (in fact, perhaps the
most important benefit), this permits use of any metal
rather than being constrained to W; we choose Au which
has an order of magnitude larger electron-phonon cou-
pling than W for a given thermal capacitance.
The fabrication intensive TES can then be separately

fabricated on standard thin substrates for fabrication
ease, where the material chosen is not necessarily identi-
cal to that of the large absorber (Si, Ge, Al2O3, CaWO4).
Further, each and every 100 mm wafer can produce
over 20 devices. Thus, device fabrication throughput
could easily be 80⇥ that of CDMS (in the standard Su-
perCDMS fabrication procedure, 4 fully processed test
wafers are produced for every detector). This physical
separation also allows for testing of the TES sensor die
above ground before connection to the absorber. This has
significant advantages: the cost savings of sensor testing
above ground rather than in an underground laboratory
is substantial; and one can choose only the best sensors
to match with expensive absorbers, particularly useful in
the case of double-beta decay enriched crystals.
Thermal connection between the TES and the G

ta

ab-
sorber pad is then accomplished via Au wire bonding,
while the simpler mechanical connection can be accom-
plished with epoxy in an arbitrary (and somewhat hap-
hazard) manner; without any thermal-conductance re-
quirements, very small-area single dot epoxy joints are
possible that do not mechanically stress the absorber [20]
). Another possibility is that the TES chips are mechan-
ically supported by the detector housing. Of course, the
heat capacity of the Au wirebond between the TES and
the absorber (⇠1 pJ/K at 10 mK) is entirely parasitic and
is simply the price paid for the ease of fabrication. Most
importantly, the thermal conductance of both the inter-
nal pad, G

pad int

, and that of the Au wirebond, G
bond int

,
must be much larger than G

tb

so as to satisfy the band-
width design rules discussed in Sec. IV.

arXiv:1503.01200	



Advancing	Technologies	for	light	DM	
•  meV	Thresholds:	
– DM	sca/er	produces	
quasi-par%cles	(rotons)	
in	superfluid	4He	
•  QP	->	Quantum	
evapora%on	at	liquid	
surface	

•  He	adheres	to	micro-
calorimeter	
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Detecting Vibrations: Method

!15

• Quasiparticles internally reflect until they 
find the vacuum interface


• Some probability of changing flavor on 
reflection


• At the surface quasiparticles knock He 
atoms into the vacuum (“quantum 
evaporation”)


• These free He atoms adsorb onto the 
large area surface calorimeter
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FIG. 1: Left panel: Feynman diagram for direct dark matter particle-antiparticle production. Right panel:
Feynman diagram for radiation of a mediator particle off a beam electron, followed by its decay into dark
matter particles. Measuring both of these (and similar) reactions is the primary science goal of LDMX, and
will provide broad and powerful sensitivity to light dark matter and many other types of dark sector physics.

particles. Variations of LDMX with a muon beam can also explore dark sectors whose
particles couple preferentially to the second generation [19].

As a multi-purpose experiment, LDMX will be able to address an especially broad range of the
dark sector science highlighted in the US Cosmic Vision New Ideas in Dark Matter Community
Report [2], with special emphasis on the simplest thermal sub-GeV dark matter scenarios. We
believe that LDMX, along with an appropriate set of complementary experiments, would therefore
provide the foundation for a successful light dark matter program in the US or abroad.

The design considerations for LDMX are as follows. An electron beam incident on a thin tar-
get can produce dark matter particles through a “dark bremsstrahlung” process, in which most
of the incident electron’s energy is typically carried away by the invisible dark matter. This can
occur either through direct dark matter production (left panel of Fig. 1), or through production of
mediator particles that decay to dark matter (right panel of Fig. 1). To search for either process,
LDMX reconstructs the kinematics of each beam electron both up- and down-stream of the tar-
get using low-mass tracking detectors. The up-stream tracker tags the incoming beam electrons
while the down-stream tracker selects the low-energy, moderate transverse-momentum recoils of
the beam electrons. Calorimetry is then used to veto events with an energetic forward photon
or any additional forward-recoiling charged particles or neutral hadrons. Because each electron
passes through the detector, the experiment must contend with high event rates in the tracker and
electromagnetic calorimeter. Therefore, LDMX requires low-mass tracking that provides high-
purity tagging for incoming electrons and clean, efficient reconstruction of recoils in a high-rate
environment. The calorimetry for LDMX must simultaneously be fast enough to support this high
rate of background events, most of which are “straightforward” to reject based on their high elec-
tromagnetic energy deposition, and sensitive enough to reject rare but subtle processes where a
hard bremsstrahlung photon undergoes a photo-nuclear reaction in the target or in the calorimeter
itself. These simultaneous requirements call for a high-speed, high-granularity calorimeter with
minimum-ionizing particle (MIP) sensitivity to identify photo-nuclear products, used in conjunc-
tion with a hadron calorimeter that experiences much lower event rates. As described in this paper,
LDMX plans to meet these technical challenges by leveraging technology under development for
the HL-LHC and Mu2e, as well as experience from the Heavy Photon Search (HPS) experiment.

To achieve sufficient statistics, LDMX proposes to use a low-current (⇠pA) but high bunch-
repetition (⇠ 40 MHz) electron beam with multi-GeV energy. A beam with 108 electrons/second
on target and energy in the 4 to 16 GeV range can explore most of the sub-GeV dark matter param-
eter space, while remaining below threshold for production of neutrinos, which are an irreducible
background. Three options for such a beam are currently under consideration – a proposed 4-8

Light	DM	at	Accelerators	
•  Sub-GeV	DM	accessible	in	fixed-target	missing-
momentum	experiments	
– Advantage:		directly	sensi%ve	to	
crea%on/annihila%on	cross	sec%on,	
Can	reach	freeze-out	goalpost	
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Heavy	DM	Mo%va%on	
•  S%ll	considered	(by	me)	the	best-mo%vated	
candidates	
– Asymmetric	DM:		If	same	asymmetry	as	in	light-
sector,	expect	similar	number	density	
	 	 	 	Mχ	≈	5	GeV	

–  Freeze-out	DM:		A	new	stable	par%cle	in	electroweak	
physics	can’t	not	be	dark	ma/er	(WIMP	Miracle)	
	 	 	 	Mχ	≈	10	GeV	–	100	TeV		
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Direct	Detec%on	of	Heavy	DM	
•  Challenges:	
– Exposure:		ton-years+	
•  Because	we’ve	made	progress	
over	the	last	30	years	

– Thresholds:		0.1	–	10	keV	
– Backgrounds:	
•  Typical	goal	for	WIMP	search	
<	1	background	event	
per	year	
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WIMP	Backgrounds	
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χ χ

γ
γ

γ

Basic	low-background	
prac%ces	are	necessary	…	

•  Go	underground	
•  Shield	external	gammas	
and	neutrons	

•  Screen	and	purify	
detector	elements	

…	but	not	sufficient	



WIMP	Backgrounds	
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χ χ

Must	be	able	to	
discriminate	
against	all	of	these	
backgrounds…	
	
…as	well	as	against	
backgrounds	we	
haven’t	run	into	
yet…	
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Background	Rejec%on	Technique	#1:	
Mul%ple	Sca/ering	
•  Mean	free	paths	

–  neutrons:		O(10)cm	
–  gammas:		O(10)cm	
–  WIMPS:		≥O(1016)cm	

•  Not	limited	to	XYZ	recon	
–  segmented	detectors	
–  external	vetoes	

•  Only	way	to	discriminate	
against	neutron	backgrounds	

3 

2.1  Bubble Chamber Overview 

The PICO Collaboration, product of the recent merger between COUPP and PICASSO, uses superheated 
fluids to search for WIMP dark matter.  The baseline PICO detector is a bubble chamber filled with a 

target liquid (C3F8 or CF3I) and run in a moderately superheated state where it is sensitive to the low 

energy nuclear recoils from WIMP scatters but completely insensitive to recoiling electrons and minimum 

ionizing particles, eliminating the gamma and beta backgrounds that plague most dark matter direct 
detection experiments.  A WIMP scatter creating a nuclear recoil over the energy threshold set by the 

temperature and pressure of the chamber creates a single macroscopic bubble. 

Figure 2 shows a schematic of the typical COUPP or PICO bubble chamber.  The superheated fluid is 
contained in a synthetic silica bell jar.  This jar plus the attached bellows assembly form a clean, sealed 

inner volume, with a buffer fluid (typically water) filling the space above the superheated target.  The 

inner vessel is immersed in a pressure vessel filled with hydraulic fluid.  The bellows on the inner vessel 
serve to balance the pressure between the inner vessel fluids and the hydraulic fluid, preventing any 

differential pressure from building across the wall of the silica vessel. 

Cameras mounted outside the pressure vessel continuously capture stereo images of the target fluid, 

providing both the primary trigger on bubble nucleation and the 3-D position of the event.  On this trigger 
acoustic transducers record the ultrasonic emission from the bubble formation, and the chamber rapidly 

compresses to a non-superheated state, re-condensing the bubble vapor.  Following a ~30 second settling 

time the chamber re-expands to the superheated state, arming for the next event.  Despite this reset period, 
the currently operating COUPP-60 experiment is live >85% of the time when taking physics data. 

Although beta-decays and gamma-interactions will not nucleate bubbles in the superheated fluid, an 

alpha-decay in the fluid will create a single bubble.  This bubble, however, has ~4x greater acoustic 
emission than a bubble nucleated by a nuclear recoil (see Fig. 3).  This effect was first seen by the 

PICASSO Collaboration in superheated droplets [23], and has since been confirmed in COUPP bubble 

chambers [24][8].  The discovery of acoustic alpha discrimination has transformed the bubble chamber 

into a potentially background-free technology for dark matter detection. 

   
Figure 2:  (Left) Schematic of a typical COUPP or PICO bubble chamber showing the target fluid (C3F8 
or CF3I), buffer fluid (water) and hydraulic fluid volumes.  (Right) Stereo images taken from the 

COUPP–60 data, showing the 18-liter CF3I target and a neutron-induced 5-bubble event from an AmBe 

calibration source. 
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Background	Rejec%on	Technique	#2	
Energy	Reconstruc%on	

•  Not	par%cularly	useful	for	most	WIMP	backgrounds…	
•  But	only	way	to	iden%fy	alpha-decays	

WIMP	recoil	 0	–	O(0.1	– 10)	keV,	falling	
Beta-decay	 0	–	O(100)	keV,	approx	flat	
Compton	sca/ers	 0	–	O(100)	keV,	approx	flat	
Neutron	sca/ers	 0	–	O(10)	keV	(depending	on	target	

nucleus),	falling	
Alpha-decay	 4	–	8	MeV,	mono-energe:c	lines	
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Background	Rejec%on	Technique	#3	
Electrons	vs	nuclei	
•  Electron	recoils:	

–  Compton	Sca/ers	
–  Beta-decays	
–  νe					νe		(solar	ν’s)	

•  Nuclear	recoils:	
–  WIMPs	
–  Neutrons	
–  Alpha-decays	
–  νN					νN		(solar	and	

atmospheric	ν’s)	

Only	way	to	discriminate	against	beta-decays	and	νe				νe	

γ

χ
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Background	Rejec%on	Technique	#3	
Electrons	vs	nuclei	
•  Electron	recoils:	

–  Compton	Sca/ers	
–  Beta-decays	
–  νe					νe		(solar	ν’s)	

•  Nuclear	recoils:	
–  WIMPs	
–  Neutrons	
–  Alpha-decays	
–  νN					νN		(solar	and	

atmospheric	ν’s)	

Only	way	to	discriminate	against	beta-decays	and	νe				νe	
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Fermilab	LDRD	2018-003	
(Supported	also	by	CFI,	NSERC,	COFI)	
•  Target:		10	kg	
superheated	Ar	

•  Goal:		100	eV	
threshold	with	
109	ER	
discrimina%on	
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Scin%lla%ng	Bubble	
Chambers	for	
WIMPs	and	

Reactor	CEvNS	
Eric	Dahl	

Northwestern	University	
Fermilab	

	
Novel	Instrumenta%on	for	

Fundamental	Physics,	Nov	2018	
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State	of	the	Field:	30	MeV	–	30	GeV	
•  Prime	space	for	
asymmetric	dark	ma/er	
–  Full	explora%on	requires	
trifecta	of	
•  sub-keV	threshold	
•  strong	discrimina%on	
•  large	(100	kg-yr)	exposure	
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State	of	the	Field:	30	MeV	–	30	GeV	
•  Nearing	the	solar	Coherent	
Elas%c	neutrino-Nucleus	
Sca/ering	(CEvNS)	floor	
–  Indis%nguishable	from	DM	
on	event-by-event	basis	

–  Unless	you	have	a	
direc%onal	detector	(see	
CYGNO)	
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State	of	the	Field:	10	GeV	–	10	TeV	
•  Canonical	WIMP	space	
currently	ruled	by	XeTPCs	
– XeTPCs	might	not	reach	
CEvNS	floor	due	to	νe					νe	
background,	but	coming	
genera%on	gets	close	

– Direc%onal	detec%on	can’t	
help	with	this	one…	
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State	of	the	Field:	Spin-Dependent	
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State	of	the	Field:	Spin-Dependent	
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•  Spin-Independent	searches	
have	same(-ish)	CEvNS	floor	
for	all	targets	

•  Spin-Dependent	searches	do	
not!	
–  SD	parameter	space	
inaccessible	to	xenon	may	be	
reached	with	fluorine	

–  Effec%ve	no	CEvNS	floor	for	
hydrogen:	

Figure 1: Current limits and projections for dark matter direct detection searches. Sensitivites are shown for

low (left) and high (middle) mass WIMPs with spin-independent coupling, and for WIMPs with spin-dependent

coupling to protons or neutrons (right). Solid lines are current limits [11, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27],

dashed lines are projections for technologies related to this proposal (details in text) [28, 29], and dotted lines

show selected projections from around the field [10, 30]. The neutrino (CEvNS) floor is taken from [31]. For spin-

independent searches, the neutrino floor is at approximately the same sensitivity for all targets except hydrogen,

which has a very small CEvNS cross-section due to the fact that sin2 ✓W ⇡ 1
4 . For spin-dependent searches the

neutrino floor varies widely between targets. Plots were compiled using these online tools: [32, 33].

2. Science Introduction

The dark matter problem is the most dramatic evidence we have that there there exists physics
beyond the standard model. While the set of plausible dark matter candidates now extends in par-
ticle mass from 10�22 to 1014 eV [10], the search for roughly nucleus-sized (100 MeV — 1 TeV)
particles scattering o↵ of nuclei in terrestrial detectors remains compelling from both theory and ex-
perimental considerations. On the theory side, this mass range is populated by thermally-produced
particles whose cosmological abundance is set either by freeze-out (i.e. canonical WIMPs [14]) or by
a dark matter-antimatter asymmetry [15]. Experimentally, the development of scalable liquid-based
technologies able to both discriminate between recoiling nuclei and electron recoil backgrounds, and
isolate single-scatter interactions, has allowed rapid advancement in sensitivity to these dark matter
candidates. The current state of the field over this mass range is summarized in Fig. 1.

For the past decade the direct-detection field has been led by dual-phase xenon time projection
chambers (XeTPCs) [16, 17, 18, 19, 20]. Particle interactions in a XeTPC generate both a prompt
scintillation signal (S1) and ionization in the liquid target. An applied field drifts ionized electrons
upward in the TPC to the liquid surface where they are extracted into the gas phase. Before being
collected on the anode, these electrons produce a second scintillation signal (S2) via electrolumi-
nescence, proportional to the number of electrons extracted from the liquid. From the S1 and
S2 signals, a XeTPC can reconstruct the energy and 3-D position of the event, and can also dis-
criminate between nuclear recoil (NR) and electron recoil (ER) events based on the charge-to-light
(S2/S1) ratio. At 10 tons of xenon (7 tons in the TPC, 5.6 tons fiducial), the LUX-ZEPLIN (LZ)
detector in the Sanford Underground Research Facility (SURF) will be the largest, most sensitive
dark matter detector to date. The roles played by members of the Dahl group in the construction,
commissioning, and operation of the LZ detector are described in Section 3.

With its unprecedented sensitivity, LZ will also be the first XeTPC to encounter the irre-
ducible background of neutrino-electron scattering, projected to produce (after applying 99.5%

2



Preparing	for	a	WIMP	Discovery	
•  The	field	has	a	history	of	
surprise	“pathological”	
backgrounds:	
–  Surface	betas	(CDMS	Run	1)	
– Gamma-X	(Xenon10)	
–  Suspended	par%culate	
(COUPP,	PICO)	
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None	of	these	were	predicted	
	
All	were	recognized	a|er	the	
fact	as	new,	detector-specific	
backgrounds	
	
All	are	now	resolved	
	



Preparing	for	a	WIMP	Discovery	
•  Se}ng	WIMP	limits	is	easy.	
Discovery	will	be	hard.	

•  Mul%ple	technologies	with	
different	pathological	
backgrounds	will	be	key	
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XENON1T	
Phys	Rev	LeD	119,	181301	(2017)	

?	



Preparing	for	a	WIMP	Discovery	
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XENON1T	
Phys	Rev	LeD	119,	181301	(2017)	
(Resolved	in	2018	result)	

?	

•  Se}ng	WIMP	limits	is	easy.	
Discovery	will	be	hard.	

•  Mul%ple	technologies	with	
different	pathological	
backgrounds	will	be	key	



Par%ng	Thoughts	
•  Dark	Ma/er	will	be	the	
discovery	of	the	century.	
–  Individually,	we	must	be	
op%mists.	
Prepare	for	discovery	in	YOUR	
experiment!	

– As	a	field,	we	have	be	smart	– 
use	all	the	tools	we	have,	and	
leave	no	stone	unturned.	

SBC,	Dec	2018	
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