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Mo&va&on	
•  Much	evidence	for	the	

gravita&onal	effects	of	dark	
maSer	
–  We	believe	it	may	consist	of	Weakly	

Interac&ng	Massive	Par&cles	
(WIMPs)	

–  To	confirm,	we	would	like	to	see	
WIMPS	via	direct	detec&on	
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The	LUX	Detector	

•  Dual-phase	Xe	Time	Projec&on	Chamber		
•  Located	at	Sanford	Underground	Research	Facility	(SURF),	

4850	\	below	the	surface	(muon	shielding)	
•  370	kg	LXe	(250	kg	ac&ve)	
•  Outer	water	tank	for	

gamma&neutron	shielding	
•  122	PMTs	split	between	top	

and	boSom	arrays	
•  Dimensions:	

•  Height:	48	cm	
•  Diameter:	47cm	
•  Water	tank	diameter:	7.6m	
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Events	in	LUX	

•  Two	scin&lla&on	signals	for	
each	event.		
–  S1:	de-excita&on	of	short-

lived	xenon	dimers	
–  S2:	electrons	liberated	at	

the	event	site	extracted	into	
the	gas	phase	and	
electroluminesce.	

•  Time	difference	between	
S1	and	S2	gives	depth	

•  S2	hit	paSern	gives	lateral	
posi&on	informa&on	

S1	

S2	 E	
field	

S1	

S2	
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Event	Discrimina&on	
•  We	plan	to	detect	WIMPs	via	Nuclear	Recoils	(NR)	
•  Most	of	our	background	events	are	Electron	Recoils	(ER)	
•  These	two	types	of	events	produce	different	amounts	of	
light	and	charge	in	the	detector	
–  Need	to	study	this	so	we	can	tell	them	apart!	
–  Characterize	charge-to-light	ra&os	(S2	vs	S1)	and	amounts	as	a	
func&on	of	energy	

6	



Xe+	

Xe*	 Xe2*	
Xe	

Excited 
atom	

Ion	
Excited 
atom	

Recombination	

e-	
e-	 e-	

•  Nuclear Recoils 
•  Lower charge-to-light ratio	

Xe*	

Figure: Gibson/Shutt	

Signal	Produc&on	–	Signal	Events		

E ~ keV	Xe	

7	

Xe	

S2	

S1	

175nm photon	

Xe	

Xe	

Heat	



Xe	

Xe+	

Xe*	 Xe2*	
Xe	 Xe	

Excited 
atom	

Ion	
Excited 
atom	

Recombination	

e-	
e-	 e-	

S2	

S1	

175nm photon	
Xe	

Heat	

e-	 E ~ keV	

•  Electron Recoils 
•  Higher charge-to-light ratio	

Xe*	

Figure: Gibson/Shutt	

Signal	Produc&on	–	Background	Events	

8	



ER Energy Calibration	

Light And Charge From	Radioactive Sources	

ER	energy	Calibra&on	
•  Measurement	of	light	and	

charge	collec&on	efficiencies	
–  Light	and	charge	are	an&-

correlated	(follows	from	
branching	on	previous	
slides)	

•  Consistent	over	a	wide	range	
of	energies	

•  Fundamental	input	to	the	
analysis	
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Background	and	Signal	Calibra&ons	
Background	Events	
•  Electron	Recoil	(ER)	
•  Higher	charge-to-light	ra&o	
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•  Nuclear	Recoils	(NR)	
•  Lower	charge-to-light	ra&o		



ER	background	Calibra&on	
Background	Events	
•  Electron	Recoil	(ER)	
•  Higher	charge-to-light	ra&o	
•  Calibrate	using	high-sta&s&cs	tri&um	

dataset	(165,863	events)	
–  Tri&um	injected	into	detector	at	the	end	of	

run3	
–  Recent	paper	on	tri&um	calibra&on,	arxiv:

1512.03133	
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NR	Signal	Calibra&on	
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Signal	Events	(WIMP-like)	
•  Nuclear	Recoils	(NR)	
•  Lower	charge-to-light	ra&o		
•  Calibrate	using	D-D	neutrons	

–  In-situ	nuclear	recoil	(NR)	calibra&on	
–  Sensi&ve	to	1.1	keV	(Previously	3	keV)	
–  New	for	run3	reanalysis	(arxiv:1512.03506v2)	
–  Significant	improvement	for	low	mass	WIMP	

search	



More	Updates	to	analysis	

•  Background	model	
–  Enables	substan&al	increase	in	analysis	

volume	

•  Improvements	to	XY	posi&on	
reconstruc&on	

–  Allows	us	to	make	beSer	use	of	
background	model	
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•  Further	improvements		

–  Calibra&on	of	PMT	waveforms	using	detected	photons	(rather	than	
photoelectrons)	

–  Fine	tuned	pulse-finding	algorithms	
–  Removed	systema&c	biases	and	noise	in	pulse	area	measurements	
–  S2	based	on	both	PMT	arrays	



Profile	Likelihood	Ra&o	(PLR)	
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i.e.		Expected	signal	distribu&on	for	a	33	GeV	WIMP	•  Compares	data	to	background	distribu&on	
and	signal	distribu&ons	for	different	mass	
models	

•  Func&on	of	S1,	S2,	radius,	and	depth	
•  Fit	for	systema&c	parameters	(derived	from	

DD	data)	
•  More	powerful	a\er	calibra&ons,	increased	

understanding	of	detector	
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Limits	
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(new	for	run3	reanalysis	arxiv:1512.03506v2)	

•  23%	reduc&on	in	high-
WIMP-mass	cross-sec&on	
limit	

•  Significant	improvement	in	
low-mass	reach	due	to	
lowering	of	kinema&c	
thresholds	



Conclusion	
•  Improvements	to	run	3	analysis	(95	live	days)	across	many	aspects	of	the	

analysis	
–  Allows	reach	to	lower	masses	
–  Will	benefit	run	4	analysis	as	well	as	LZ	

•  More	to	come!		Currently	in	Run	4	(300	live	days)	
–  Will	run	for	a	few	more	months	at	which	point	LUX	will	be	removed	and	replaced	by	LZ	
–  	Much	more	data	in	run	4	so	stay	tuned!	
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Backup	
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D-D	neutron	calibra&on	
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D-D	Signal	Calibra&on	

•  In-situ	nuclear	recoil	
(NR)	calibra&on	

•  Yields:	
–  Double	scaSers	→	

electrons/keV	
–  +	Single	ScaSers	→	

photons/keV	
•  Sensi&ve	to	1.1	keV	

–  Previously	3	keV	
•  Significant	

improvement	for	
low	mass	WIMP	
search	 NR Mean 

and ±40% 
Band	

ER Mean	

(arxiv:1512.03506v2)	
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Nuisance	parameters	

4

Nuclear-recoil energy spectra for the WIMP signal are
derived from a standard Maxwellian velocity distribution
with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3 GeV/cm3,
average Earth velocity during data-taking of 245 km/s,
and a Helm form factor, as in [6]. Following the same
criterion as that analysis, but with new calibration data,
the signal spectrum is assumed zero below the lowest D-D
S1 calibration point of 1.1 keV. Signal PDFs and rates as
a function of the spin-independent WIMP-nucleon cross
section, �n, are computed from the empirical NR re-
sponse model. Uncertainties in the absolute values of g1
and g2 do not propagate to the signal model, because it
is calibrated in situ in the S1 and S2 variables. The non-
negligible signal-model uncertainties are incorporated in
the likelihood via two nuisance parameters with Gaus-
sian constraints from the D-D calibration (see Table I):
the Lindhard k parameter and the S2 gain during D-
D calibration in November 2013 relative to the WIMP
search, g2,dd/g2,ws.

The e�ciency for WIMP-nuclear recoils to appear as
events in the search data is the product of several de-
tection stages. Modeling the WIMP signal only above
1.1 keV includes 0.3% of the recoil spectrum for a
4 GeV c

�2 WIMP, rising to 94% in the high-mass limit.
The e�ciency to generate an S1 and an S2 passing all
analysis thresholds in the best-fit NR model, shown along
with systematic variations in Fig. 1, rises from 0.3% at
the 1.1 keV cuto↵ to 50% at 3.3 keV. Finally, identifica-
tion of S1 and S2 within real waveforms can fail in ways
not reproduced by simulation, for instance where the hit-
pattern or pulse-shape variables used in classification are
biased by PMT afterpulsing. The probability to thus dis-
card events was found by visually inspecting 4000 AmBe
calibration events: the pulse-identification e�ciency for
events in the WIMP region of interest and passing the
analysis thresholds was found to be (97.5± 1.7)%, and is
implemented as an energy-independent scaling.

Radiogenic backgrounds are again estimated as in [28],
but with the revised data-reduction techniques and cuts.

TABLE I. Nuisance parameters in the global best fit to 95-day
search data. Constraints are Gaussian with means and stan-
dard deviations indicated. Event counts are after cuts and
analysis thresholds. The best-fit model has zero contribution
from the signal PDF. In this case the signal-model parameters
simply float to the central values of their constraints, and so
are not listed.
Parameter Constraint Fit value

Lindhard k 0.174± 0.006 -

S2 gain ratio: g
2,dd/g2,ws 0.94± 0.04 -

Low-z-origin � counts: µ�,bottom 172± 74 165± 16

Other � counts: µ�,rest 247± 106 228± 19

� counts: µ� 55± 22 84± 15
127Xe counts: µ

Xe-127

91± 27 78± 12
37Ar counts: µ

Ar-37

- 12± 8

Wall counts: µ
wall

24± 7 22± 4

The added acceptance increases the expected neutron
background to 0.08±0.01 NR events in the WIMP-search
sample. Random coincidence of isolated S1s (having rate
1 s�1) and S2s (5⇥10�4 s�1) within a physical drift time
causes an expected 1.1 events in the full search range of
S1 and S2. Coherent neutrino-nucleus scattering by 8B
solar neutrinos contributes 0.10 (0.16) golden events un-
der the Lindhard (Bezrukov) yield model. None of these
small background populations are included in the model.
Isolated low-energy ER events in the fiducial volume

arise from four sources: Compton scattering of �-rays
from detector component radioactivity; 85Kr or Rn-
daughter contaminants in the liquid undergoing � decay
with no accompanying �-rays detected; X-rays following
those 127Xe electron-capture decays where the coincident
�-ray escapes the xenon; and a line at 2.8 keV, evident
due to the improved energy resolution and consistent
with electron-capture decays in the fiducial volume by
37Ar nuclei. Measurements of the 37Ar concentration in
lab air are planned and will, together with limits on air
leaks from xenon sampling results, give an upper limit
on rate; it is currently an unconstrained fit parameter.
The Geant4-based LUXSim package, incorporating the

NEST model for signal generation in the xenon [29–
32], was tuned to the S1-S2 distribution of 1.8 ⇥ 105

fiducial-volume electron recoils from the internal tritium
source. Good agreement was obtained from threshold
to the 18.6 keV endpoint, well above the WIMP signal
in both light and charge, and the reconstructed � spec-
trum validates the g1 and g2 values measured with line
sources [16]. Simulated waveforms, processed with the
same data-reduction software and event selection as ap-
plied to the search data, are used to model the ER back-
grounds in S1 and S2.
Events due to detector component radioactivity, both

within and above the energy region of interest, were sim-
ulated with LUXSim. The high-energy spectral agree-
ment between data and simulation based on � screening
is generally good [20, 28]; however, we observe an excess
of ER events with 500–1500 keV energy concentrated in
the lowest 10 cm of the active region. Its precise ori-
gin is unknown but the spectrum can be reproduced by
simulating additional, heavily downscattered 238U-chain,
232Th-chain, and 60Co �-rays in the center of a large
copper block below the PMTs. This implies an extra 105
low-energy Compton-scatter events, included in the back-
ground model. The �-ray population is subdivided into
two spatial distributions with floating normalization: one
generated by the bottom PMT array, its support struc-
ture, and the bottom �-ray shield; and one from the rest
of the detector.
A final source of background, newly modeled here, is

the tail in reconstructed r of events on the PTFE side-
walls. The S1-S2 distribution of background events on
the walls di↵ers from that in the liquid bulk. Charge
collection is incomplete, so the ER population extends
to lower values of S2. There are, in addition, true nu-
clear recoils from the daughter 206Pb nuclei of ↵ decay



Background	Model	
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•  Internal	background	
•  Uniform	throughout	detector	volume:	Kr-85,	Ar-37,	Xe-137	

•  Wall	background:		
•  Rn222-PB206	
•  Including	wall	model	increases	analysis	radius	from	18cm	

to	20cm	



All	limits	–	snowmass	(out	of	date)	
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ER	leakage	into	NR	

23	



Waveform Example	

1.5keV electron-
like	
recoil	
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More	updates	to	analysis:	VUV	Photons	

	
–  Now	use	175nm	Xe	single	

photons	(rather	than	470	
nm	calibra&on	LEDs)	

–  Accounts	for	double-
photoelectron	emission	at	
the	photocathode	

Used in 
original Run 3 
analysis	

Used in re-analysis	

Single	photon	pulse	areas	

•  Calibra&on	of	PMT	waveforms	using	
detected	photons	(rather	than	
photoelectrons)	
–  Get	2	photoelectrons	~20%	of	the	&me	
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