
Calibrating	Inner-Shell	Electron	Recoils	
in	a	Xenon	Time	Projection	Chamber	

Dan	Baxter	
September	22,	2017	

LIght	Detec1on	In	Noble	Elements	2017	



Dan	Baxter,	LIDINE	2017,	September	22,	2017	 2	

Direct	Detection	of	Dark	Matter	

•  Nuclear	Recoils:	
– WIMPs	(dark	maHer)	
– Neutrons		

•  Electron	Recoils:	
– Neutrino-electron	scaHers	
– Gamma/X-ray	scaHers	
–  Beta	decay	

•  Other	

•  Use	neutron	single-scaHers	to	
simulate	nuclear	recoils	from	
dark	maHer	

•  Calibrate	ER	backgrounds	using	
either	external	gamma-decays	or	
internal	beta-decays	

•  Is	it	a	valid	assump6on	to	say	a	
beta	decay	and	a	neutrino-
electron	sca<er	look	the	same?		

•  Dark	MaHer	searches	hinge	on	the	ability	to	
understand	the	difference	between	electron	and	
nuclear	recoils	
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Xenon	Time		
Projection	Chambers	(TPCs)	

Markus Horn - LUX experiment

LUX - detector principle
• Two-phase liquid xenon time projection chamber 

• Elastic scattering of WIMPs off target nuclei

4

• scintillation (S1) and 
ionisation (S2) 

• ratio of S2/S1 is diff for 
electron & nuclear recoils  
➠particle ID 

• drift time and hit pattern  
➠3D pos. recon.

•  An	interac1on	generates	
a	pulse	of	scin1lla1on	
light	(S1)	and	electrons	

•  The	electrons	are	driXed	
to	a	liquid-gas	interface,	
where	they	are	extracted	

•  A	high	extrac1on	field	
accelerates	the	
electrons,	producing	a	
second	burst	of	light	(S2)	

•  The	1me	difference	
between	the	pulses	tells	
the	height	of	the	event.	
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Auger	Cascades	

Xe	

e-	
ɣ/𝜈e	

Xe	

e-	
Auger	
Electron	

•  Consider	a	neutrino	or	photon	scaHering	
off	of	the	L-shell	of	xenon	

•  The	ini1al	electron	kicked	out	loses	its	
energy	just	like	a	beta	decay	

•  The	vacancy	it	leaves	behind	will	be	
filled	by	another	electron	with	the	
energy	difference	released	in	either	
an	x-ray	or	Auger	electron	emission	
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Auger	Cascades	

Xe	 e-	

x-rays	

~5	keV	
•  This	will	propagate	

outwards	un1l	the	full	
binding	energy	of	the	
original	electron	is	released	

•  Because	the	cons1tuents	
are	all	very	low	energy,	the	
net	dE/dx	is	larger	than	for	
a	single	5keV	piece		

•  These	cons1tuent	pieces	form	one	effec1ve	interac1on	that	
deposits	its	energy	very	locally,	similarly	to	a	nuclear	recoil		

•  Current	models	assume	that	dE/dx	should	not	be	important	at	
energy	ranges	used	in	dark	maHer	searches	
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TPC	Calibration	

4

the free electron lifetime and the three-dimensional cor-
rection functions for photon detection e�ciency, which
combine the e↵ects of geometric light collection and PMT
quantum e�ciency (corrected S1 and S2). The 9.4 and
32.1 keV depositions [22] demonstrated the stability of
the S1 and S2 signals in time, the latter confirmed with
measurements of the single extracted electron response.
131mXe and 129mXe (164 and 236 keV de-excitations)
a↵orded another internal calibration, providing a cross-
check of the photon detection and electron extraction
e�ciencies. To model these e�ciencies, we employed
field- and energy-dependent absolute scintillation and
ionization yields from NEST [23–25], which provides an
underlying physics model, not extrapolations, where only
detector parameters such as photon detection e�ciency,
electron extraction e�ciency and single electron response
are inputs to the simulation. Using a Gaussian
fit to the single phe area [26], together with the
S1 spectrum of tritium events, the mean S1 photon
detection e�ciency was determined to be 0.14 ± 0.01,
varying between 0.11 and 0.17 from the top to the
bottom of the active region. This is estimated to
correspond to 8.8 phe/keV

ee

(electron-equivalent energy)
for 122 keV �-rays at zero field [23]. This high photon
detection e�ciency (unprecedented in a xenon WIMP-
search TPC) is responsible for the low threshold and good
discrimination observed [27].
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(a) Tritium ER Calibration
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(b) AmBe and Cf−252 NR Calibration

FIG. 3. Calibrations of detector response in the 118 kg
fiducial volume. The ER (tritium, panel a) and NR (AmBe
and 252Cf, panel b) calibrations are depicted, with the means
(solid line) and ±1.28� contours (dashed line). This choice
of band width (indicating 10% band tails) is for presentation
only. Panel a shows fits to the high statistics tritium data,
with fits to simulated NR data shown in panel b, representing
the parameterizations taken forward to the profile likelihood
analysis. The ER plot also shows the NR band mean and vice
versa. Gray contours indicate constant energies using an S1–
S2 combined energy scale (same contours on each plot). The
dot-dashed magenta line delineates the approximate location
of the minimum S2 cut.

Detector response to ER and NR calibration sources

is presented in Fig. 3. Comparison of AmBe data
with simulation permits extraction of NR detection
e�ciency (Fig. 1), which is in excellent agreement
with that obtained using other datasets (252Cf and
tritium). We describe the populations as a function of
S1 (Fig. 3 and Fig. 4), as this provides the dominant
component of detector e�ciency. We also show contours
of approximated constant-energy [28], calculated from a
linear combination of S1 and S2 [24, 27, 29] generated by
converting the measured pulse areas into original photons
and electrons (given their e�ciencies).
A parameterization (for S2 at a given S1) of the

ER band from the high-statistics tritium calibration
is used to characterize the background. In turn,
the NR calibration is more challenging, partly due to
the excellent self-shielding of the detector. Neutron
calibrations therefore include systematic e↵ects not
applicable to the WIMP signal model, such as multiple-
scattering events (including those where scatters occur
in regions of di↵ering field) or coincident Compton
scatters from AmBe and 252Cf �-rays and (n,�) reactions.
These e↵ects produce the dispersion observed in data,
which is well modeled in our simulations (in both
band mean and width, verifying the simulated energy
resolution), and larger than that expected from WIMP
scattering. Consequently, these data cannot be used
directly to model a signal distribution. For di↵erent
WIMP masses, simulated S1 and S2 distributions are
obtained, accounting for their unique energy spectra.
The ratio of keV

ee

to nuclear recoil energy (keV
nr

)
relies on both S1 and S2, using the conservative
technique presented in [29] (Lindhard with k = 0.110,
compared to the default Lindhard value of 0.166 and
the implied best-fit value of 0.135 from [29]). NR data
are consistent with an energy-dependent, non-monotonic
reduced light yield with respect to zero field [30] with
a minimum of 0.77 and a maximum of 0.82 in the
range 3–25 keV

nr

[23] (compared with 0.90-0.95 used
by previous xenon experiments for significantly higher
electric fields [46, 50]). This is understood to stem from
additional, anti-correlated portioning into the ionization
channel.
The observed ER background in the range 0.9–

5.3 keV
ee

within the fiducial volume was 3.6 ±
0.3 mDRU

ee

averaged over the WIMP search dataset
(summarized in Table I). Backgrounds from detector
components were controlled through a material screening
program at the Soudan Low-Background Counting
Facility (SOLO) and the LBNL low-background counting
facility [13, 26, 33]. Krypton as a mass fraction of xenon
was reduced from 130 ppb in the purchased xenon to
4 ppt using gas charcoal chromatography [35].
Radiogenic backgrounds were extensively modeled

using LUXSim, with approximately 73% of the low-
energy �-ray background originating from the mate-
rials in the R8778 PMTs and the rest from other
construction materials. This demonstrated consistency
between the observed �-ray energy spectra and position

Akerib,	D.S.,	et	al.	Phys.	Rev.	LeH.	112,	091303	(2014)	

M-shell	
L-shell	

•  The	collabora1ons	using	xenon	TPCs	(LUX,	XENON1T,	PandaX-II)	
calibrate	their	detectors	using	injected	beta	decays	from	tri1um	or	radon	

•  A	significant	frac1on	of	
the	background	budget	
for	LZ	is	neutrino-electron	
and	Compton	scaHer	
events,	which	include	an	
inner-shell	component	

•  L-	and	M-	shell	binding	
energies	fall	within	the	
energy	range	of	interest	

•  Beta-decay	isotopes	do	
not	calibrate	for	this	
effect	
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Implications	
•  The	standard	profile-likelihood	analysis	relies	
on	tri1um	beta	decays	accurately	simula1ng	
all	electron-recoil	backgrounds	

•  Differences	in	energy	deposi1on	due	to	Auger	
cascades	could	lead	to	second-order	
devia1ons	from	the	calibrated	model	

•  The	profile	likelihood	analysis	could	interpret	
this	difference	as	a	WIMP	signal	
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How	do	you	calibrate	this?	

•  Why	is	our	measurement	
different?	
–  Small	detector	means	

gammas	escape,	lehng	us	
resolve	both	S1	and	S2	

–  Simultaneous	injec1on	of	
Xe-127	and	tri1um	to	
remove	systema1c	errors	

–  Rn-220	injec1on	allows	for	
comparison	to	K-shell	

–  Full	cascade	of	Auger	
electrons	has	small	(order	
1%)	probability,	so	we	
need	more	sta1s1cs	
•  LUX	result	had	542	L-shell	

EC	decays	

•  One	op1on	is	with	Xe-127	electron	capture	decay	
•  Recent	LUX	analysis	used	different	posi1ons	of	EC	gamma	and	cascade	
to	tag	and	isolate	S2	from	the	cascade	

Akerib,	D.S.,	et	al.	[arXiv:1709.00800]	(2017)	
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XELDA	detector	

•  Goal:	Build	a	detector	to	perform	a	
direct,	high-sta1s1cs	cross	calibra1on	
of	tri1um	beta	decay	against	the	
relaxa1on	following	inner-shell	scaHers	

•  How:	Xe-127	decays	by	electron	
capture.	In	a	small	detector,	the	
associated	gammas	are	lost,	leaving	
ONLY	the	energy	deposited	by	the	
resul1ng	cascade.	

•  Plan:	Simultaneous	tri6um	and	Xe-127	
will	allow	us	to	look	for	small	
devia6ons	without	systema6cs	

(Xenon	Electron-recoil	L-shell	Discrimina1on	Analyzer)	
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XELDA	detector	

Top	1”	PMT	array	

Capaci1ve		
level	sensors	

BoHom	3”	PMT	

Top	Grid	(-50V)	
Anode	(+2kV)	

Gate	(-3.3kV)	
Cathode(-3.5kV)	

Shield	Ring	(-1.4kV)	

E		
field	

modeled	aXer	the	MiX	detector	
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Detector	Design	
•  Use	boHom	PMT	for	pulse	
finding	

•  Use	top	PMT	array	for	S2,	
XY,	and	trigger	

•  Use	sum	of	all	PMTs	for	S1	
•  Detector	dimensions:	
–  Diameter:	63.5mm	
–  Cathode	to	Gate:	12.7mm	
–  Gate	to	Anode:	6.4mm	

•  Opera1ng	condi1ons:	
–  DriX	field:	300	V/cm	
–  Extrac1on	field:	10	kV/cm	
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Sample	Event	

S1	signal	
(336	phe)	 S2	signal	

(6746	phe)	

Summed	PMTs	

driX	1me	
(3.18	μs)	

•  We	use	the	DAQMAN	package	(by	Ben	Loer)	for	both	
our	DAQ	and	analysis	framework	

•  Green	boxes	represent	the	‘found’	pulses	
•  Blue	line	is	the	cumula1ve	integral	

garbage	
aXerwards	
thrown	out	
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Detector	Calibration	
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Drift Time vs. S2
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S1 vs. S2

•  Ini1al	data	has	electron	life1me	of	4.48	microseconds	

•  Use	Kr-83m	mono-energe1c	decay	for	energy	calibra1on		
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Energy	Calibration	
•  We	can	correct	S2	for	this	life1me	to	zero	driX	1me	

S1 (phe) [corrected]
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S1 vs. S2 •  41.6	keV	energy	
decay	of	Kr-83m	
shows	up	as	a	peak	

•  Use	this	to	
calibrate	our	
detec1on	
efficiency	
•  g2	~	20	
•  g1	~	0.2	

	
Calcula1on	based	on	
Manalaysay	et	al.	(2010)	
[arXiv:0908.0616]	

Kr-83m	Injec1on	

PRELIMINARY	
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Initial	Measurements	

S1 (phe) [corrected]
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Conclusion	
•  Differences	between	the	

energy	deposi1on	of	
ioniza1on	tracks	and	(L-shell)	
binding	energy	release	have	
calibrated	to	the	4%	level	

•  Second	order	differences	due	
to	Auger	cascades	could	
result	in	small	devia1ons	
(order	1%)	from	the	S2/S1	
profile	of	beta	decay	

•  XELDA	is	going	to	look	at	a	
simultaneous	(systema1c-
free)	comparison	of	tri1um	
(and	Rn-220)	to	Xe-127	EC	
decay	
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Thank	you!	
•  DoE	SCGSR	Fellowship	Program	(for	paying	me)	

•  XELDA	group:	Hugh	Lippinco<,	C.	Eric	Dahl,	Amy	
CoHle,	Dylan	Temples,	Makayla	Trask	

•  Fermilab	technicians:	William	Miner,	Kelly	Hardin,	
Ronald	Davis	

•  University	of	Michigan	LUX	group	(especially	ScoH	
Stephenson):	XELDA	detector	is	modeled	aXer	the	
MiX	detector	

•  Ben	Loer	for	DAQMAN	soXware	package	
•  Luca	Grandi	for	Kr-83m	calibra1on	source	
•  Carter	Hall	for	tri1um	calibra1on	source	
•  PICO	and	LZ	collabora1ons	for	con1nued	support	


