
ì	Searching	for	Dark	Matter	
with	the	Noble	Element	Simulation	Technique	(NEST)	
and	with	“BubXe”	-	a	xenon	bubble	chamber	detector		 Ma#hew	Szydagis	
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Noble	Element	Simulation	Technique	

ì  NEST:	What	is	it?	Free	soLware	for	Geant4	(standalone	coming)	
ì  Monte	Carlo	simula<on	model/algorithm	collec<on	and	framework	

ì  Semi-empirical,	absorbing/fiVng	exis<ng	best	world	data	and	
uncertain<es,	to	make	predic<ons/extrapola<on	for	newer	data	
ì  In	the	future:	greater	degree	of	first-principles	approaches	

ì  Crucial	for	LUX	&	LZ:	tool	to	understand/interpret,	plan	
ì  See	my	plenary	session	talk	on	Thursday	for	these	collabora<ons	

ì  Easy,	fast	models	of	light	(S1)	and	charge	(also	light,	S2)	yields	
ì  Photon/electron	counts	output	as	func<ons	of	incoming	energies,	

electric	fields,	and	par<cle	types	(neutrons	and	electrons)	
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Outline	

ì  The	microphysics	of	the	scin<lla<on	and	ioniza<on	processes	
ì  Recent	improvements	in	our	understanding	with	new	calibra<ons	

ì  Examples	of	both	the	postdic<ve	and	predic<ve	power	of	NEST	
ì  Focusing	exclusively	on	liquid	xenon	now	due	to	<me	constraint.	

Ve>ed/jus<fied	with	past	data	sets	so	can	trust	in	present+future	

ì  This	work	is	crucial	to	many	different	fields	of	research	not	just	
dark	ma>er:	any	rare	event	search,	at	low	threshold	(or	not)	
ì  Coherent	neutrino-nucleus	sca>ering:	discovery	and	monitoring	
ì  More	nuclear	physics:	Neutrinoless	Double-Beta	Decay	search	
ì  BSM	HEP	like	MEG,	plus	LAr	TPCs	for	neutrino	physics.	So	much!	
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Overview	of	the	Physics	

ì  Energy	is	first	par<<oned	into	both	
excita<on	and	ioniza<on	(and	heat)	
ì  Last	is	big	deal	for	nuclear	recoils	(NR)	

ì  Recombina<on	probability	is	key:	re-
shuffles	the	channel	division	as	some	
ionized	electrons	are	captured	into	
excited	states.	Physical	“free”	parameter	
ì  And	2nd-order	effect	(high-E	NR)	where	

some	photons	“lost,”	or	converted	into	
e’s	(Penning	&	biexcitonic	quenching)	

ì  S1	and	S2	result	from	the	γ’s	and	e-’s	
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Electron	Recoil	(ER)	Absolute	Light	Yield	

ì  LUX	has	led	the	way	in	
the	direct	WIMP	
detec<on	field	for	
producing	fantas<c	
new	calibra<ons	with	
lower	uncertain<es	and	
down	to	lower	energies	
than	ever	for	both	the	
ER	and	NR.	Here	CH3T	
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E-fields	color-matched	

Note:	“Zero	field”	is	
O(1)	V/cm	to	avoid	a	
power	law	blowup	in	
the	NEST	equaIons	

Assume	~5%	uncertainty	on	yields	in	NEST	across	energy	and	field	



ER	Absolute	Charge	Yield	

ì  A	NEST	version	based	on	
the	most	cuVng-edge	
results	taken	from	the	
most	recent	ER	&	NR	
calibra<ons:	LUX	tri<um,	
PIXeY,	Shanghai/PandaX	
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Unlike	NR,	assumes	
“perfect”	an<-correla<on	
with	scin<lla<on	yield	

At	the	low	energies,	
recombina<on	is	
railing	to	zero:	all	
energy	is	going	into	
charge	so	field	
dependence	of	the	
yield	becomes	quite	
weak	below	10	keV	

As	on	previous	
slide	--	betas,	
gammas,	and	x-
rays	all	consistent	



NR	State	of	the	Art	Now	(LZ	TDR	Figs)	
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How	to	Get	at	NR	Field	Dependence	
ì  Even	if	small,	important	to	

include	and	get	right	because	
subtle<es	here	change/affect	
the	discrimina<on	(ER	v.	NR)	

ì  Used	famous	high-E	data,	to	
introduce	1	addi<onal	free	
parameter,	a	power	law	in	
Thomas-Imel	recombina<on	
ì  Reduces	e-	recombina<on	

probability	with	rising	field	
ì  Forced	to	agree	with	LUX	DD	

data	perfectly	at	180	V/cm	
ì  A	power	of	-0.078	that	is	

consistent	with	previous	
results	(~	0.05	to	0.1,	Dahl)	
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First	ever	combina<on	of	
light	and	ioniza<on	yields	
from	Aprile	2005/6	and	
Dahl	2010	at	56.5	keV.	Only	
used	ioniza<on	previously	

Ioniza<on	was	provided	in	absolute	
units	already	(electrons	per	keV).	LUX	
absolute	yield	was	used	to	hit	light	
yield	at	200	V/cm	to	convert	rela<ve	
yield	results,	as	zero	field	ill-defined	

Effect	“propagates	down,”	by	changing	a	global	parameter	across	all	energies	

Thomas-Imel	Box	(TIB)	model	



The	Lindhard	Factor	in	Liquid	Xenon	
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ì  Sum	of	photons/
light	and	charge/
ioniza<on	now	close	
match	to	Lindhard	
theory:	see	the	LUX	
DD	n	“gun”	paper	

ì  Xe	(well-behaved!)	
has	achieved	same	
understanding	level	
as	other	elements	
such	as	Ge	or	Si,	if	
not	be>er!	(lower)	



Validation:	LUX	Run03	Re-analysis	
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NR	band	is	from	DD	and	ER	band	is	from	tri<um.	Profile	Likelihood	was	used	to	
determine	limit	so	the	ER	background	discrimina<on	is	only	a	figure	of	merit	for	how	
well	bands	are	separated.	Slight	NR	band	disagreement	conserva<ve:	towards	ER	band,	
manifest	at	right.	S<ll,	great	match	on	means/widths	in	general,	for	both	interac<on	
types.	Notoriously	hard	to	get	all	wiggles	right	(low	S1	disagreement	not	that	bad)	

ER 	NR	



Validation:	XENON10	
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Extended	analysis	
by	P.	Sorensen	
from	thesis	(agrees	
well	with	published	
XENON10	result)	

This	important	cross-check	worked	on	nearly	the	first	try,	using	ER	yields’	field	dependence	
from	PIXeY	(which	agrees	within	error	with	Shanghai	publica<on)	modified	(within	error)	to	
match	the	LUX	tri<um	data	perfectly	at	180	V/cm.	For	NR,	famous	2005-6	Case/Columbia	
56.5	keV	field	dependence	used	and	forced	to	match	DD	vs.	energy.	Energy	spectra:	AmBe,	
flat	ER.	Electric	field	higher	than	LUX	(730	V/cm),	but	S1	photon	detec<on	efficiency	lower	

NEST	 XENON10	official	



Pb-206	(Xed	@CWRU:	Shutt,	Dahl,	&	co.)	
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Field	dependence	is	general,	i.e.,	detector-
independent.	Once	found,	can	be	re-applied	

ER	(Comptons	from	gammas)	

NR	(Xe)	

206Pb	(moves	a	lot	with	field)	

SE’s	

(AmBe	matched	as	control)	



Recombination	Fluctuations	(E	Resol.)	
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ì  NEST	has	got	only	
the	leL	side	correct	
ì  Sails	off	the	scale	

above	~0.5	
ì  These	are	low	

energies	(sub-keV)	
and	very	high	
fields	(~1+	kV/cm)	

ì  Solve-able	(circle)	by	
making	the	
fluctua<on	more	
purely	*binomial*	
ì  Currently	under	

inves<ga<on...	



Switching	Gears:	BubXe	
ì  A	new	idea,	as	Genera<on-3	direct	dark	ma>er	search	R&D	

ì  Can	also	help	planned	G2	experiments	especially	LZ,	and	last	G1	

ì  Combines	the	mains	advantages	of	LXe	TPCs	(energy	
reconstruc<on,	density)	with	bubble	chambers	(blindness	to	ER	
backgrounds,	visibility	of	the	heat	channel)	
ì  Nearly-100%	of	an	ac<ve	volume	can	be	fiducial	
ì  First	dark	ma>er	detector	with	3	channels:	light,	charge,	heat	

ì  Idea:	may	be	possible	to	punch	through	the	neutrino	floor	with	
direc<onality	coming	from	the	S2	light	within	the	bubbles	
ì  Also,	cleaner	rare-event	detector	with	unique	filter	system	

ì  100	d	hits	10	GeV	LUX	limit	with	100	kg	(0.5	keV	threshold)	
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Under	Development	at	UAlbany	
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Double-	and	single-bubble	events	from	system	test	with	water	this	summer.	
First	prototype	is	water	Cerenkov	chamber,	then	scin<lla<ng	bubble	chamber	

Temperatures	and	pressures	are	tunable.	
Star<ng	with	-40	°C,	>	250	psia	pressure	
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Honoré	Daumier,	“Mr.	Babinet,	warned	by	his	concierge	of	the	arrival	of	the	comet,”	illustra<on	for	Le	Charivari,	22	September	1858.	

Hopefully,	we	are	looking	in	the	correct	places	for	the	dark	ma>er!	

THANK	
YOU!	


