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The	dark	ma0er	problem	

…

Compelling	evidence	for	
dark	ma0er	on	various	
cosmological	scales	
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The	dark	ma0er	problem	
One	model	fits	all	the	observaKons...	

...but	raises	some	fundamental	quesKons:	
	What	is	dark	ma0er?	
	What	is	dark	energy?	
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ARer	80	years…	

•  Non-baryonic	
Height	of	acousKc	peaks	in	the	CMB	
Power	spectrum	of	density	fluctuaKons	
Primordial	nucleosynthesis	

•  Cold	(non-rela1vis1c)	
	Structure	formaKon	

•  Interacts	via	gravity	and	(maybe)	
some	sub-weak	scale	force	

•  STILL	HERE!	
Stable	(or	extremely	long-lived)	

T.	Tait		
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The	nature	of	dark	ma0er	

Once	there	was	only	the	WIMP	miracle...	
	
Now	WIMP	only	one	out	of	a	range	of	
theoreKcal	moKvated	dark	ma0er	
candidates	with	wide	range	of	mass	and	
cross	secKon	
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The	hunt	for	dark	ma0er	
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Direct	dark	ma0er	detecKon	
Most	common	scenario	
Dark	ma0er	parKcles	sca0er	off	nuclei:	
•  elasKcally	
•  coherently:	~	A2	

•  (spin-independent)	

χ

Basic	idea	
Dark	ma0er	is	made	of	parKcles	
which	interact	with	Standard	Model	parKcles	

χχ

χ
χ

χ
χ
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Dark	ma0er	in	the	Milky	Way	

Standard	assumpKons:	
•  Maxwellian	velocity	distribuKon	
•  asymptoKc	velocity	of	220	km/s	
•  galacKc	escape	velocity	of	544	km/s	
•  local	dark	ma0er	density	of	0.3	GeV/cm3	
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Experimental	challenges	
Dark	ma0er	recoil	spectrum:	CaWO4	target	,	ideal	detector	
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Experimental	challenges	
Dark	ma0er	recoil	spectrum:	CaWO4	target	,	ideal	detector	
	

*	Xenon1T:	arXiv:1805.12562	

Very	rare	
current	limit*		
𝒪(0.01)	counts/tonne	day	
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Experimental	challenges	
Dark	ma0er	recoil	spectrum:	CaWO4	target	,	ideal	detector	
	

*	Xenon1T:	arXiv:1805.12562	

Featureless	spectrum	

Very	rare	
current	limit*		
𝒪(0.01)	counts/tonne	day	
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Experimental	challenges	
Dark	ma0er	recoil	spectrum:	CaWO4	target	,	ideal	detector	
	

*	Xenon1T:	arXiv:1805.12562	

Featureless	spectrum	

Small	recoil	energies	
~	keV	range	

Very	rare	
current	limit*		
𝒪(0.01)	counts/tonne	day	

26	June	2018	
What’s	up	with	dark	ma0er?	-	Direct	dark	ma0er	searches		

Federica	Petricca,	MPP	Munich		 12	



Minimising	background	

Water/plasKc+scinKllator			
Low	radioacKvity	materials	
for	detector	hardware	

•  Underground	site	
•  Shielding/vetoing	
•  Radon	miKgaKon	
•  Purity	of	materials	
•  Material	handling	

•  Event-by-event	
discriminaKon	
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Minimising	background	

         exposure 
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background 

background free 

For	a	discovery:	
understand	residual	background	
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Direct	dark	
ma0er	searches	
An	incomplete	compilaKon	
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Direct	dark	ma0er	searches	
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Direct	dark	ma0er	searches	
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Cryogenic	
detectors,	
CCDs,	He	
TPCs	



Direct	dark	ma0er	searches	
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Cryogenic	
detectors,	
CCDs,	He	
TPCs	

Liquid	noble	
gases	(xenon	
and	argon)	



SensiKvity	
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At	large	DM	masses	
sensiKvity	is	dominated	by	
exposure	(target	mass)	



SensiKvity	
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At	low	DM	masses	
sensiKvity	is	dominated	
by	performances	
(energy	threshold)	



Direct	dark	ma0er	searches	
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Direct	dark	ma0er	searches	
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Direct	dark	ma0er	searches	
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Liquid	Noble	Gas	Experiments		
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Dual Phase - TPC  
LUX/LZ, XENON, PandaX, DarkSide, ArDM 

Primary S1 

Proportional S2 

Light signal 

Ti
m

e 

width O(10ns) 
typical few 
photo-electrons 

width O(1µs) 
typical thousands 
photo-electrons 

 
 

drift time O(100µs) 

l  XY from top PMT array (few mm) 
l  Z from timing difference (fraction of mm) 
l  S2/S1 different for nuclear recoils and 

electrons recoils 



Liquid	Noble	Gas	Experiments		
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Pros:	

l  FiducializaKon	(self-shielding)	

l  Scalable	to	large	target	masses	
- 	long	a0enuaKon	length	(nominally	transparent,	depends	on	impuriKes)	
- 	long	charge	driR	length	(requires	significant	engineering	for	purificaKon	and	high	voltage)	

l  Constant	purificaKon	

Cons:	

l  “Rather	high”	energy	thresholds	

- 	few	keV	for	nuclear	recoils	

l  CalibraKon	
- 	energy	scale	for	nuclear	recoils	derived	from	S1	using	an	independently	measured	scinKllaKon	efficiency	



Xe	vs.	Ar	
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Pros:	
l  Heavy	
l  High	liquid	density	

-  compact	detector	
l  No	radioacKve	isotopes	
	
Cons:	
l  Low	fracKon	in	atmosphere	

-  more	expensive	than	natural	Ar	
l  IneffecKve	pulse	shape	discriminaKon	

Pros:	
l  EffecKve	pulse	shape	discriminaKon	
	
Cons:	
l  39Ar	in	atmospheric	Ar	

-  isotopic	separaKon	
-  underground	Ar	

h0p://periodictable.com	 h0p://periodictable.com	
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S2-only	result	

Slide	courtesy	G.	Fiorillo		

Ana.	Thres.	M𝜒≳4	GeV		

Ioniza1on	signal	(S2):	threshold	<	0.1	keVee	/	0.4	keVnr		
Sensi1ve	to	low	mass	WIMPs	
•  Use	IonizaKon	(S2)	Only.	
•  PMTs	have	almost	zero	dark	rate	at	88K	
•  Amplified	in	the	gas	region	(~23	PE/e-	)	
•  SensiKve	to	a	single	extracted	electron	
•  RadioacKvity	rate	in	the	detector	is	remarkably	low	
•  No	need	of	PSD	
•  The	electron	yield	for	nuclear	recoils	increases	at	low	energy	
DS-50		can	detect	down	to	single	electron.	 arXiv:1802.06994		

Ana.	Thres.	M𝜒≲4	GeV		

Excess	of	events	
Unknown	source	

Profile	Likelihood	Method	is	used		
•  BG	components	are	fi0ed	at	high	energy	and	

extrapolated.	
•  UncertainKes	from	both	WIMP	signals	(NR	ionizaKon	

yield,	single	electron	yields)	and	BG	spectrum	(rates,	ER	
ionizaKon	yield)	are	included.	

N
o	Q

uenching	FluctuaKon		
0.6	keV

nr	 threshold	



Direct	dark	ma0er	searches	
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Cryogenic	calorimeters	

ΔT	=		ΔE/C	
ParKcle	

interacKon	

Heat	link	

Thermometer	

heat bath ≈ 10 mK 

Absorber	
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SemiconducKng	calorimeters	
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Phonon	+	IonizaKon	
EDELWEISS,	CDMS	

Pictures	courtesy	of	the	CDMS	collaboraKon	

CDMS	interleaved	Z-sensiKve	IonizaKon	Phonon	(iZIP)	detector	
l  15	x	600g	detectors	
l  2	charge	+	2	charge	
l  4	+	4	TES	–	fast	phonon	channel	
	

l  Cryogenic	temperatures	(20-50mK)	

l  DiscriminaKon	of	e/γ-	events	via	ionizaKon	yield	

l  Low	threshold	(sub	keV)		

l  Surface	events	idenKfied	thanks	to	ID	electrodes	
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•  DriRing	charges	produce	large	phonon	signal	proporKonal	to	ionizaKon	
•  Electron	recoils	much	more	amplified	than	nuclear	recoils	

-  gain	in	threshold	AND	dilute	background	from	electron	recoil	events	

NTL	effect	mixes	charge	and	phonon	signal	reducing	discriminaKon	
Requires	Lindhard	Model	to	convert	to	nuclear	recoil	equivalent	energy		

Lite-mode	
Charge	mediated	phonon	amplificaKon	(Neganov-Trofimov-Luke	Effect)			

Pictures	courtesy	of	the	CDMS	collaboraKon	

SemiconducKng	calorimeters	



ScinKllaKng	calorimeters	
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Phonon	+	Light	
CRESST	

l  ScinKllaKng	CaWO4	crystals	as	target	
l  Cryogenic	temperatures	O(10mk)	
l  Separate	cryogenic	light	detector	to	detect	the	scinKllaKon	light	signal	
l  DiscriminaKon	of	e/γ-	events	via	light	yield	
l  MulK	element	target	
l  Low	threshold	(sub	keV)	

Energy	deposiKon	in	a	detector	module:	
•  mainly	phonons	(independent	of	the	type	of	parKcle)	
à	Measurement	of	deposited	energy	
•  few	%	into	scinKllaKon	light	(characterisKc	of	the	type	of	parKcle)	
à	Par1cle	discrimina1on	

©T.	De0laff/MPP	



ScinKllaKng	calorimeters	
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Phonon	+	Light	
CRESST	
	
Light	Yield=	
	

			Light	signal			
Phonon	signal	

Excellent	discrimina1on	between	
potenKal	signal	events	(nuclear	recoils)	
and	dominant	radioacKve	background	
(electron	recoils)	



Calorimeters	
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Pros:	

l  Total	energy	measurement	

-  Phonon	signal	(almost)	not	quenched	

l  Excellent	energy	resoluKon	

-  Detailed	study	of	dark	ma0er	signal	

-  Detailed	study	of	background	sources	

l  Low	threshold	(sub-keV	for	nuclear	recoils)	

Cons:	

l  Small	detectors	(O(few	100g))	

-  Small	exposures	

l  Difficult	technology	



Semiconductors	vs.	scinKllators		
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Pros:	
l  Ultrapure	material	
l  IdenKficaKon	of	surface	events	

-  FiducializaKon	
Cons:	
l  Limited	choice	of	materials	
l  In	lite-mode	require	Lindhard	model	to	derive	

energy	scale	of	nuclear	recoils	

Pros:	
l  Total	energy	measurement	at	low	threshold	
l  Large	choice	of	material	

-  MulK	element	target	
l  No	surface	effects	(in	selected	materials)	
Cons:	
l  Independent	cryogenic	light	detector	to	detect	

the	scinKllaKon	light	signal	
-  Increase	number	of	channels	

l  Non-commercial	materials	
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Conclusions	
What’s	up	with	dark	maUer?	
	
Detectors	racing	to	the	neutrino	floor	

•  Large	detector	mass	to	collect	large	
exposures	
-  Dual	phase	liquid	noble	gas	detectors	

sKll	advantageous?	
-  Technological	challenge	of	large	scale	

cryogenic	detectors	affordable?	
•  Fight	emerging	backgrounds	

-  DirecKonal	detectors?	
-  MulKple	targets	and	technologies?	

			
		E
xp
os
ur
e	
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A	discovery	can	be	
anywhere	along	the	way!	



More	material	to	follow	
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DifferenKal	interacKon	rate	
counts	per	kg,	day	and	
keV	recoil	energy	Er	
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Liquid	Noble	Gas	Experiments		
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l  Self	shielding			
l  DiscriminaKon	of	e/γ-	events	possible	via	
pulse	shape	

Single	Phase	-	4π	scin1lla1on		
DEAP,	MiniClean,	XMASS	



Single	phase	vs.	dual	phase		
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Pros:	
l  “Simple”	detectors	
l  High	light	yield	

- 	For	Ar	pulse	shape	discriminaKon	
	
Cons:	
l  For	Xe	less	informaKon	per	event	
l  Bad	space	resoluKon	

- 	Heavy	fiducializaKon	for	self	shielding	

Pros:	
l  ER	vs.	NR	discriminaKon	from	S2/S1	
l  Good	space	resoluKon	

- 	Large	fiducial	volume	
	
Cons:	
l  Reduced	light	yield	

- 	Worse	pulse	shape	discriminaKon	(require	
depleted	Argon)	

l  “Complicated”	detectors	



DAMA/LIBRA	
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Experimental	residuals	of	the	single-hit	scinKllaKon	events	rate	vs	Kme	and	energy	

•  250kg	of	NaI(Ti)	with	PMTs	(scinKllaKon	light)	
•  DAMA/LIBRA	Phase	1	+	2	:	2.17	tonne	years	
•  StaKsKcal	significance:	11.9σ		
•  Model	independent	
•  Excluded	by	other	DM	searches	
	
	

Absence of modulation? No 
• 2-6 keV: χ2/dof=199.3/102 ⇒ P(A=0) =2.9×10-8 

2-6 keV

The data of DAMA/LIBRA-phase1 +DAMA/LIBRA-phase2 favor the presence of a 
modulated behavior with proper features at 11.9 σ C.L. 

A=(0.0095±0.0008) cpd/kg/keV 
χ2/dof = 71.8/101   11.9σ C.L. 

Acos[ω(t-t0)] ;  
continuous lines: t0 = 152.5 d,  T = 1.00 y  

Model Independent DM Annual Modulation Result 

Fit on DAMA/LIBRA-phase1+ 

DAMA/LIBRA-phase2  

experimental residuals of the single-hit scintillation events rate vs time and energy  

DAMA/LIBRA-phase1+DAMA/LIBRA-phase2 (2.17 ton × yr) 



DAMA/LIBRA	
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Experimental	residuals	of	the	single-hit	scinKllaKon	events	rate	vs	Kme	and	energy	

•  250kg	of	NaI(Ti)	with	PMTs	(scinKllaKon	light)	
•  DAMA/LIBRA	Phase	1	+	2	:	2.17	tonne	years	
•  StaKsKcal	significance:	11.9σ		
•  Model	independent	
•  Excluded	by	other	DM	searches	under	standard	assumpKons	
	
	

Absence of modulation? No 
• 2-6 keV: χ2/dof=199.3/102 ⇒ P(A=0) =2.9×10-8 

2-6 keV

The data of DAMA/LIBRA-phase1 +DAMA/LIBRA-phase2 favor the presence of a 
modulated behavior with proper features at 11.9 σ C.L. 

A=(0.0095±0.0008) cpd/kg/keV 
χ2/dof = 71.8/101   11.9σ C.L. 

Acos[ω(t-t0)] ;  
continuous lines: t0 = 152.5 d,  T = 1.00 y  

Model Independent DM Annual Modulation Result 

Fit on DAMA/LIBRA-phase1+ 

DAMA/LIBRA-phase2  

experimental residuals of the single-hit scintillation events rate vs time and energy  

DAMA/LIBRA-phase1+DAMA/LIBRA-phase2 (2.17 ton × yr) 



DAMA/LIBRA	
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Only	possible	strategy:			
•  ModulaKon	with	NaI	

	- 	Sabre	(NaI	in	liquid	scinKllator	veto)	KIMS,	DM-Ice,	ANAIS			
	
•  NaI	with	different	technology	

	- 	COSINUS	(cryogenic	scinKllaKng	calorimeter)	



Gas	direcKonal	
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MIMAC, DRIFT, DMTPC 
 

Pros:	
l  Strong	day/night	modulaKons	expected		
l  Low	pressure	TPC’s	CF4,	CS2.....	
l  Powerful	background	rejecKon	
l  Important	to	consolidate	signals	
	
Cons:	
•  Up	to	now	small	mass	(100g)	
•  Huge	detector	volumes	required	>	1000	m3

	
	

	
 



SemiconducKng	calorimeters	
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Phonon	+	IonizaKon	
EDELWEISS,	CDMS	

EDELWEISS	
l  36	x	800	g	detectors	
l  2	charge	+	2	charge	
l  2	NTD	–	simple	phonon	channel		

Pictures	courtesy	of	the	CDMS	collaboraKon	Pictures	courtesy	of	the	EDELWEISS	collaboraKon	

CDMS	interleaved	Z-sensiKve	IonizaKon	Phonon	(iZIP)	detector	
l  15	x	600g	detectors	
l  2	charge	+	2	charge	
l  4	+	4	TES	–	fast	phonon	channel	
	



Ge/Si	Detectors	
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Pros:	
l  P-type	Point-Contact	(P-PC)	detector	
l  PosiKon	reconstrucKon	via	signal	rise	Kme	
l  Low	intrinsic	background	
l  <200eVee	threshold	
	
Cons:	
l  No	discriminaKon	of	e/γ-	events	
l  Dead	layer	
l  Energy	scale	for	nuclear	recoils	requires	model		
	

CoGeNT 

Ioniza1on	only		
CDEX,	CoGeNT	

Active volume n+ electrode 
1mm dead layer 

Point-contact p+ electrode 
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DArk	Ma0er	In	CCDs	
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High	resisKvity,	fully	depleted,	≈	40	cm2,	675	μm	world-thickest	CCDs		

Very	low	energy	threshold	
(≈	50	eVee)	
à	sensiKve	to	low	mass	dark	ma0er	

Current	status:		
	-	40	g	detector	(7	CCDs,	each	≈	6	g)			
	-	bkg.	<	5	events/keV/kg/day	
	-	in		data	taking	

Exquisite	spaKal	resoluKon:	
•  parKcle	id	
•  surface	bkg.	rejecKon	
•  bkg.	measurements	

Material	courtesy	P.	Privitera		
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WIMP	search	(with	limited	exposure	taken	
with	R&D	detectors)	demonstrated	the	stable,	
low-threshold	operaKon	of	DAMIC	CCDs		

Search	for	eV	mass	hidden-photon	DM	(with	
only	one	week	of	data	and	a	single	CCD)	
yielded	best	direct	limit	in	the	eV	range.		
Achieved	the	lowest	leakage	current	ever	in	a	
silicon	detector	(0.5x10-3	e/pixel/day	≃	
5x10-22A/cm2		at	140	K)	

PRL	118,	141803		

Material	courtesy	P.	Privitera		
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Data	from	50	eV	to	2	keV,	which	provide	most	sensiKvity	to	low	mass	WIMPs,	are	being	analyzed		

Material	courtesy	P.	Privitera		



CCDs	
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Pros:	
•  Well	established	technology	
•  Reproducible	and	scalable	
•  Low	threshold	for	electron	interacKons	
•  Very	clean	detector	
	
Cons:	
•  Long	signal	collecKon	Kme	
•  No	Kme	coincidence	
•  Need	of	deep	underground	labs	
•  Nuclear	recoil	threshold	limited	



Threshold	detectors	
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Picasso,	Coupp,	PICO,	Simple	
l  Fluid	in	a	metastable	state	which	can	be	quenched	by	
energy	deposiKons	of	parKcles	

l  Tiny	energy	deposiKon	→	Macroscopic	phase	transiKon	

Bubble	chamber	principle:		(D.	Glaser,	1952)	
•	Edep	<	Ethr	within	Rcrit		→	proto-bubble	collapses	
•	Edep>	Ethr	within	Rcrit	→	irreversible	bubble	expansion	

To	be	sensiKve,	parKcle	must	deposit	
enough	energy	within	a	criKcal	radius.	

Edep =
dE
dx

Rcrit ≥Ethr



Threshold	detectors	
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Picasso,	Coupp,	PICO,	Simple	

Pros:	

l  Could	make	a	dark	ma0er	bubble	chamber	with	any	liquid.	

l  Can	tune	detector	to	be	sensiKve	only	to	certain	parKcle	types	

-  Very	good	rejecKon	of	β	and	γ	

l  Fluorinated	halocarbons:	C3F8,	C4F10,	CF3I	

-  SensiKvity	for	spin-dependent	interacKons	

Cons:	

l  Long	dead	Kme	

l  Threshold	device	with	integraKng	response	

-  No	informaKon	on	the	energy	of	the	event	



Principle of Operation: Original Bubble Chambers 

3.  Raise	pressure	to	stop	bubble	growth	
(100ms),	reset	chamber		(30sec)	

Buffer fluid 
(water) 

Hydraulic 
fluid 

Target fluid 
(CF3I/C3F8) 

to hydraulic controller 

Synthetic 
silica jar 

2.  See	the	bubble:	
•  Cameras	trigger,	record	position,	multiplicity	
• Microphones	record	acoustic	trace	
•  Fast	pressure	transducer	recording	

1.  Lower	the	pressure	to	a	
superheated	state.	

Slide	courtesy	T.	Noble		
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Summary   
•  PICO bubble chambers at the 40L scale can be built background-free 
•  PICO dominates the search for spin-dependent WIMP-proton couplings 
•  Construction of PICO 40 is well underway 
•  The design of PICO 500 is very advanced. Fine details of engineering design to be made based on 

PICO 40 experience. 
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Slide	courtesy	T.	Noble		
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SEDINE 

60 cm � NOSV Copper

6.3 mm � sensor

New Experiments with Spheres-Gas    - LSM SNOLAB
Light dark matter search with Spherical Proportional Counters 

SPC key features
Ø Light targets (Ne,He,H) to optimize momentum transfer
Ø Pulse shape discrimination (rise time) against surface events
Ø down to low energy
Ø High amplification gain from the avalanche 
Ø Sensitivity to single electrons, thresholds of (10-40 eVee)

Typical 
150 eVee event
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Spherical	proporKonal	counter	
NEWS-G	

Key	features:	
•  Light	target	(Ne,	He,	H)	
•  Pulse	shape	discriminaKon	against	surface	events	

down	to	low	energy	
•  High	amplificaKon	gain	for	the	avalanche	
•  SensiKvity	to	single	electron		

	- 	Threshold	of	10-40	eVee	



Preliminary ROI

WIMP search run at the LSM
Neon + 0.7 % CH4

4
@ 3.1 bars

Total exposure = 34.1 live-days x 0.28 kg = 9.6 kg.days
Analysis threshold = 150 eVee (~720 eVnr) 
Trigger threshold ~ 35 eVee (~100% efficiency @ 150 eVee)
Sensitivity to single electrons from upper fluctuations of the avalanche 
gain

Good understanding and modelling of the detector response in energy and rise time 

Boosted Decision Tree used to identify the fine-tuned ROI that maximizes  
expected sensitivity for WIMP masses between 0.5 and 16 GeV
=>Astroparticle Physics 97 (2018) 54–62 

Fail any of the BDT cuts
pass the BDT cut for 0.5 GeV/c2
pass the BDT cut fot 16 GeV/c2
pass the BDT cut for other masses

Events in the Preliminary ROI
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Good understanding and modelling of the detector response in energy and rise time 

Boosted Decision Tree used to identify the fine-tuned ROI that maximizes  
expected sensitivity for WIMP masses between 0.5 and 16 GeV
=>Astroparticle Physics 97 (2018) 54–62 

Fail any of the BDT cuts
pass the BDT cut for 0.5 GeV/c2
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Events in the Preliminary ROI
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Spherical	proporKonal	counter	
NEWS-G	
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Spherical	proporKonal	counter	

Pros:	
•  Simple	detector	
•  Large	choice	of	gasses	to	explore	different	masses	
•  Low	threshold	
	
Cons:	
•  Scalability	to	large	masses	
•  CalibraKon	



Yellin	methods	
“Finding	an	Upper	Limit	in	the	
Presence	of	Unknown	Background”	

•  Maximum	Gap:	Search	for	
gap	without	events	(N	=	0)	

•  OpKmum	Interval:	Search	
for	largest	interval	with	
N=1,2,3...	events	
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The	A2	dependency	
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Rate	Xenon1T	
From	arXiv:	1805.12562		


278.8	days	*	1.3	t	/	3.56	counts	
=	101days	t/count	
à	0.01	counts/day	t	
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