Calibrating the LUX detector | EX

Jim Dobson (j.dobson@ed.ac.uk), Oxford DMUK meeting, 8th Dec 14

Overview of talk:

+ Direct detection

+ LUX and first results
+ Calibrations in LUX
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Weakly Interacting Massive Particles (WIMPs)

+ Favoured candidates for Cold Dark
Matter (alternatives: Axions, sterile
neutrinos, ...)

+ Interacts only weakly with normal
matter

+ Expected to be neutral in most
scenarios

+ Non-relativistic freeze-out resulting in
relic density today of ~1000/m3

+ Requires physics beyond the standard
model:

+ Super-symmetry: LSP neutralino, 10-4° to 10->°
cm?, mass range from Mproton—1000%Moproton

+ Universal Extra Dimensions: Stable KK,
similar detection properties as neutralino
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Complementarity in detection techniques
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Direct detection of galactic dark matter
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Elastic scattering of galactic WIMPs off
target material in terrestrial detector

©
Isothermal with density profile o« 1/r2 2 o
Local density po = 0.3 GeV/cm3 g
WIMP speed ~ 220 km/s expect recaoll i
O(10 keV) T 0.01
Expect ~ 1 event/kg/year ;’5}
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Direct detection of galactic dark matter

1

+ Elastic scattering of galactic WIMPs off E scthormal bak
target material in terrestrial detector [ 1272600 ks 0. GeVictiom? Wy=100 GeVic?
. Oy 51 = 9 p -45 cm?2
© - i
. . . ()
* Isothermal with density profile « 1/r2 2 4 \\‘k\ —Xe
4 ) s N
] ) [ —Ge
+ = 0. V/cm3 € [ \
Local density po = 0.3 GeV/c : \ \ A
+ WIMP speed ~ 220 km/s expect recaoll i - \'\ — Ne
a a - = NN b b NN L N

Important factors for detector: large mass, low-radioactivity,
low-energy threshold, high signal acceptance, ability to

reject ER backgrounds (discrimination)

dR 00 /OO do threshold recoil energy, keV
T ERr) dv.
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Direct detection: nuclear/electron recoils

+ Nuclear recoil (NR): WIMPs and neutrons scatter predominantly off nucleus
+ Electron recoil (ER): Interact predominantly with electrons

+ Utilize differences to distinguish ER backgrounds - neutrons look identical to WIMPs
so are irreducible background — shielding

neutron, x neutron, x

''''''
.....

¥ snuclear

"% recoil

NR in keVnr ER in keVee
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Variety of detection technologies

lonisation Detectors
Targets: Ge, Si, CS,, CdTe

CoGeNT, CDEX, DAMIC, DRIFT,
DM-TPC, GENIUS, IGEX,
NEWAGE

Light & lonisation Detectors
Targets: Xe, Ar

ArDM, LUX, WARP, DarkSide
Panda-X, XENON, ZEPLIN, LZ
cold (LN,)

Heat & lonisation Bolometers
Targets: Ge,Si
CDMS, EDELWEISS
SuperCDMS, EURECA
cryogenic (<50 mK)

ionisation

%,
%.
Scintillators Bolometers
Targets: Nal, Xe, Ar Targets: Ge, Si, Al,O,, TeO,
ANAIS, CLEAN, DAMA, CRESST-I, CUORE, CUORICINO

DEAP3600, KIMS, LIBRA, .
NA AD36XM ASS. ZEPLIN-I Light & Heat Bolometers
’ ’ Targets: CaWwO, BGO, Al,O, Bubbles & Droplets

CRESST, ROSEBUD CF3Br, CF3l, C3Fg, CyF 4
cryogenic (<50 mK) COUPP, PICASSO, PICO,
SIMPLE

J. Dobson - LUX - DMUK 8th Dec.14 Slide 7



The Large Underground Xenon
(LUX) Experiment

The world’s largest dual-phase xenon
time-projection chamber
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LUX: 17 Institutions, ~100 scientists
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The Large Underground Xenon (LUX) experiment

+ Two-phase liquid xenon time projection chamber (250 kg active)

+ Located on the 4850’ level (4300 mwe) of the Sanford Underground
Research Facility (SURF)

ran Sasso

Muon Intensity, m 2y’

Homestake Cl-Ar

i T T T il
0 2000 4000 6000 8000
Depth, meters of water equivalent

Muon flux reduced by 107:
55.2 m-2s-1 at surface — 1x10-5 m-2s-1
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Why use liquid xenon

+ S| dR/dE goes as A?, broad mass coverage above 5 GeV
+ SD sensitivity from odd-neutron isotopes (12°Xe, 131Xe)
+ Excellent self-shielding properties

1 ¢ ; 1
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L V=220 km/s, vg=240 km/s, - 2 05
[ 1..=600 kmis, p,=0.3 Geviczem® My =100 GeV/c 10
o o, =107 pb (104 cm?)
3 \ 3 0
S o0 \\ —Xe 20 : B .05
A SN o t's quiet in the S
£ 5 s quiet In the .
% \\\\ —Ar E -30 q . BN 16
(&) a
s NN : middle .
E 001 - \ N - @) [ 4
= - 25
0 \ L £
_8 \ 50 : >
C
— \ \ -35
0.001 boseron.. _
-20 -10 0 10 20
0 20 40 60 80 100 V\ -
CRU = ctekeVee'ka'day

threshold recoil energy, keV

. Dobson - LUX - DMUK 8th Dec.14 Slide 11



Two-phase liquid xenon TPC

+ S1: prompt scintillation
signal

+ light yield ~60 ph/keV (ER, 0
field)

+ NR threshold ~5 keV
+ S2: delayed ionisation signal

+ Electroluminescence in vapour
phase

+ Nuclear recoil threshold < 1
keV

+ S1+S2:

+ ER/NR discrimination (>99.5%
rejection)

+ mm 3D vertex resolution

— make use of self shielding

Particle

Drift time
indicates depth

~———P jonization electrons
NS UV scintillation photons (=175 nm) imege by G Feharn (Biown
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The active region of LUX

Top PMT array

Top
. §10em
grlds Wire strung, 50 um wire, 5 mm spacing T TEIrIIIEIIEIIEIIININNINIINS I NINENNNNNN - —
= -6 kV/cm electroluminescence o
;: Wire mesh, 30 pm wire, 0.25 mm spacing A P T o
§ Wire strung, 100 pm wire, 5 mm spacing G ------------- y 10an
PTFE E ) , / ..................... Mo
reflector 5 -3 kV/cm extraction
panels -180 V/cm drift field | 4™
g Wire strung, 100 pm wire, 1 cm spacing C llllllllllllllll'lllll!llllllll'lllll’lr“- -
Bottom - 1.9 cm warm
id i 6o g : B 4 4.0 cm cold*
Ire strung, MWITE, S MM SPAcing | ##fassartases st se s i s s eassasansnsenn - -
grids ng, 100 pacing :L T oem

+ Primary scintillation: PDE of 14%

+ S2 single electron extraction efficiency: 65%

+ Single extracted electron: 26 phe/e-

Hamamatsu R8778 PMTs (61 top, 61 bottom)
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Three pronged approach for ultra low background

+ shielding from rock overburden + water tank
+ high purity Xe + low background detector

components
+ LXe self-shielding + 3D position info

— 3.1 £ 0.2 mDRU in 118 kg FV for Run 3

Measured DRU (89 livedays, 89 eff)
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107 x evts/keVeelkg/day

Internal Components

Gamma-rays including PMTS (80%), 1.8 £ 0.2stat £ 0.3gys
Cryostat, Teflon
. Cosmogenic
127 3
Xe (36.4 day half-life) 0.87 -> 0.28 during run 0.5 £ 0.02stat £ 0.15ys
214pp 22Rn 0.11-0.22(90% L)
Reduced from
85
Kr 130 ppb t0 3.5 + 1 ppt 0.13 £ 0.07sys
Predicted Total 2.6 £ 0.2stat £ 0.4sys
Observed Total 3.1 £ 0.2stat
Measured DRU (44 livedays, 44 eff)  log,,(DRUee)
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Astropart.Phys., 62:33-46, 2014.
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An example LUX event: 1.5 keV gamma

S1 summed across all channels S2 summed across all channels
v . . v 12 . . -

o B

90.6- S 8 u‘

30.4- g 6 * 1

%02- % : ")‘h \K\,

. -0.2 0 0.2 0.4 19 20 22 23
time (us) time (us)
@g. triggered on S2
= s i
@
8o 5
g | L s
51 ll ' . ,
m & 95% single photoelectrons > threshold o
0 ‘ 50
0 7
° 10 15 20 PMT channel
number
time (us)
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Run 3: 85.3 live-days of data (Apr. — Aug. 13)

+ 118 kg fiducial volume

2.6 +" | | [ '
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Run 3: 85.3 live-days of data (Apr. — Aug. 13)

WIMP-nucleon cross section (cm2)

+ World-leading limit for SI WIMP-nucleon elastic scattering:
7.6 x 1046 cm?2 @ 33 GeV/c2
— first sub-zeptobarn WIMP detector

excluded existing low-mass WIMP signals
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Phys.Rev.Lett., 112:091303, 2014
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Other recent DM exp. results

+ Panda-X (two-phase Xe)
+ DarkSide (single-phase Xe)

-39
10 E

(cm

e pandaX 37x17 kg-day, NEST

Positron Fraction

g1o“‘°§
. . "3 = ® =" PpandaX 37x17 kg-day, Xenon100 Le“
+ AMS-02 positron fraction ek N T N O]
g o XENON100 34x225 kg-day
. . ° C
* Fe rml galaCtIC Center exceSS 81042 . LUX 118x85 kg-day (no LY below 3 keV )
% 4 5 678910 20 30 40 50 CDEX 2014
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S10®
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=
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A Fermi
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Calibrating LUX
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Recap LUX Run 3: analysis strategy

A r==i
+ Profile Likelihood Ratio used  ~ 5o
T S =1
as test statistic to compare o o N
. , : S oo\ Tl T
data with predicted signal + E S|\ Tun ER "
: 5 = JREEE T :
background in 4 parameter g o BRRRREEEEEF I :
A . NR IR
space: T | Tteell :
51, 10g10(82/81)/ I, Z S1 corrected >
(proxy for energy)
e—Ns—NCompt-NXe—127—NRn222 N LT T, ~e
Lws = N ~N5P3(£13; g, 93))‘*‘ NComptPER(a3§ HCompt)

-

a v
WIMP signal PDF: Backgrounds as nuisance
- WIMP dE/dR for given mass parameters:
- efficiency from validated NR sims - detector efficiencies included
) ) - 30% uncertainty on overall rate
- Ns is parameter of interest
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An array of calibration techniques

Simplified representation | P 9 ;z%ation
of circulation system: exchangers * hot zirtonium
(inside . getter
vacuulm ‘.
vessel) ‘ \‘ o
. “
\“ *
= . CH3T
.
Tubes for externe \*
sources: AmbBe : » 8$3mK r
Neutron
calibration tube
s ﬂ | R
| | -’
[ '.@ | L
t —= g x l . | l
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ER: 83mKy

+ Internal high stats source ERSs:
+ half-life ~1.8 hours, 32.1 + 9.4 keV betas
+ Used for:

+ Electron lifetime drift length measurements

+ Position reconstruction and S1 light
corrections

8Rb coated charcoal plummed
into gas system — 8mKr

Electron Lifetime, us
L
Blectros Brift length, e

- - oo 0 ‘.o o -
Days since March st JOo1>

15 -1 05
Distance across Te wires. om
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ER: Tritiated methane

+ CHa3T injected into gas system
+ Beta decay with T12=12.6y
+ <E>=15.9 keV, end point 18.6 keV

+ High stats homogeneous source of low energy ER:
+ Used to define ER band and low energy threshold

S1 x,y,z corrected (phe)

3 :
‘g 2.5 f
—
S ~7,000 events
2r O T .

3 T R TR
> MO ‘.}’ 4!. :" -a, ' - ;".: :Lx;'s. oy
3 . (D4 gpmanctige oAy ST,
o
o 1 \

'o_ : - 2 — L L
o 10 20 30 40 50
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NR: 24l AmBe and %2Cf

+ Used for NR efficiency, to validate NR simulations (NEST + GEANT4 — data processing)

n
(&)
"«

N
T

T

(b) AmBe and Ci-252 NR Calibration

log, (S2,/S1) x,y,z corrected
wm

e
™ ; £ - -
‘; :_‘_l:a.}t—:—%ij:ﬂ‘_—t
1 - \I.. - . " = . .
0 10 20 30 40 %0

S1 x,y,z corrected (phe)

log, ol S2b."Si ) mean

2 v
\ ——— AmBe simulation
18 9 © AmBe calibration data
' AR pure nuclear recoil simulation
Y
16/ e
+ 0~
4—00-«5—_0, ._
14 ¥ %
FRS S SVt
f aE 4‘++
1.2
1
0 10 20 30 40 50

log '0(820.'81 ) standard deviation

0.5 Ame simulation

© AmbBe calibration data
0.4 pure nuclear recoil simulation
0.3

2 ssatteth b, +f v +¢#}+ T

5 +'#++*

T

0 10 20 30 40

50
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Multiple studies of efficiency drop off at low-energy

o AmBe Neutron Calibration $1 data 11.8
2 Tt . %)
% 7 (677 s 44 %% — Monte Carlo S1 LUXSim/NEST 11.6 S
T + | "~ gray&redE iciency from AmBe datalsn s 14%
E 1-2 [ =
)
o {g i T éi 8
E tl | Lcj o)
O 10 { 1 o
o ¢ il rom ER Tritium d L 0.8 S
= [ A4
B | e =
o : From NR NEST Sims Nt Joa©
+ rty 104 3
0 s 02
IO L LM . g hae g w oo , § E oy
10° 10' 10°

S1 x,y,z corrected (phe)
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Recap LUX Run 3: light and charge yields

+ Yields at vertex based on Noble Element Simulation Technique (NEST),
M. Szydagis, JINST 6, P10002 (2011)

+ Anchored to experimental data
+ Lack of data for NR response below 3 keV:

A Sorensen IDM 2010 (2010) - 0.73 kV/em
H Sorensen NIM A801 (2009) - 0.73 kV/icm
Light yield Charge yIE|d: v Sorensen NIM A801 (2009) - 0.73 kV/icm
. ®  Manzur PRC81 (2010) - 1 KVicm
(e | ectron S/keV) B Manzur PRC81 (2010) - 4 kViem
. O Aprile PRL97 (2006) - 0.1-2 kV/cm
0.3 C : I EERE 19.3 ‘ ; Horn PLB705 (2011) - FSR
[ ] Horn PLB705 (2011) - SSR
r | - Aprile PRD88 (2013)
0.25 L B 16.1 LUX 2013 '_“E I ——  Szydagis JINST8 (2013) - NEST
s 7 177 e = Plante 2011 > 10
£ x 1 z | ====- Horn 2011a g |
02 [ 1129 E |----- Horn 2011b o, — :
~ L 1 ° | .
Q <. = Manzur 2010 o ~
S I ] o r‘?"—
2 015 | 1o7 2 o
2 i 1 2 NEST: > |
S 01 164 2 5
[5) Ao 109 @ - =
g ; ] 3 Zero field g | Artificial 3 keVnr N
2 - ] S |—181Vicm = | lonization Cut-off N
0.05 132 2 (same as with scintillation) -
[ ] 1 o L — e v e s sl
0 - A e 10 1 10 10?
1 10 100 Recoil Energy [keV. ]
nucle il energy (keV) n

For first WIMP search result LUX used
conservative cut-off below 3 keVnr
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NR: Deuterium-Deuterium neutron gun

top hit pattern:
to 15.5 cm x-y localization g

liquid level

\

!
Monochromatic

“ l —q R e — — 2.5 MeV neutrons

Single Scatter (S1, 1xS2s > 100 phe)

200

150

100

ys

dm,mx. 1—cosb

0 5 10 15 20 25 30 35 40 45 E’]" = En / ' 2
y' Distance into LXe (cm) 772:77 + ’ 72 ‘X’e
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NR: absolute charge yield from multiple scatters

+ Absolute charge yield measured to

below 1 keV
Run 3 WIMP result 3 keVnr
+ Sensitivity for recoils below Run 3 conservative cut off
cut-off I
Double Spatter (S1, 2xS2s > 50‘phe)
- ?
< Flat Sys

%) 'IO1 Erroron Blu ,

f | Points —

2 1-sigma
Blue Crosses - LUX Measured Qy; 181 V/ o (1-sigma)
cm (absolute energy scale) ‘8
Green Crosses - Manzur 2010; 1 kV/cm R
(absolute energy scale) - @ T '
Purple Band - Z3 Horn Combined FSR/SSR; f‘_’
3.6 kV/cm (energy scale from best fit MC) c

S LUX

N Preliminary
Black Dashed Line - Szydagis et al. (NEST) S Reconstructed lonization Yield with
Predicted lonization Yield at 181 V/cm o Assodlated Statistical Lincertainty

10° TS
Energy Measured from Scattering Angle [keVnra]
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NR: relative scintillation efficiency from single-scatters

+ NEST + detector simulation to simulate run 3 WIMP result 3 keVnr
conservative cut off

single-scatter spectra
+ Fit for Leff in slices of S2 using x2

minimisation between data and simulated

S1-spectra

+ Energy scale from charge yield
measurement

Blue Crosses - LUX Measured L.;
reported at 181 V/cm (absolute
energy scale

Green Crosses - Manzur 2010; 0 V/em _
(absolute enerqgy scale) |

Purple Band - Horn Combined Zeplin Il
FSR/SSR; 3.6 kV/cm, rescaled to 0 V/
cm (energy scale from best fit MC)

Black Dashed Line - Szydagis et al.
(NEST) Predicted Scintillation Yield at
181 V/cm

Full details:

=
[}
—l

3*10"

-1
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1 sigma)

3*102
0

10

10’
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http://www.pa.ucla.edu/sites/default/files/webform/20140228 jverbus _ucla2014.pdf

(forthcoming paper in preparation)

10

J. Dobson - LUX - DMUK 8th Dec.14

Slide 29


http://www.pa.ucla.edu/sites/default/files/webform/20140228_jverbus_ucla2014.pdf
http://www.pa.ucla.edu/sites/default/files/webform/20140228_jverbus_ucla2014.pdf

What does this mean for low-mass WIMP sensitivity

Decreasing cutoff from 3 keV to 1
keV means we expect 1000 * more
signal @ 6 GeV

1.0t T PCaanansasRasL nanss
\ | 1

S2-only

S1-only

S1, S2 combined, before threshold cuts
S1, S2 combined, after threshold cuts

+ < O O

0.8} " +
L L E L L B B " _+_

10! m— My =6GeV, 0 =10 cm? - 0 % "
— m— My = 10GeV, o = 10~* cm? % 0.6} L .
S oq0)  N&"Too My =30GeV, 0 =8 x 1074 cm? | © + 7>50% @4.3 keVnr
< £ 04 +.
= o
L o |
E: o . N +++— —17 % @ 3 keVnr
~
2 of o
g 1072} ! ‘ | ‘ ‘ ‘
2 0 5 10 15 20 2!
5 : recoil energy (kevm,
= 1073 :
3 4
-
9]
=

Potential for sensitivity
down to < 1 keV

[ ]
|
1
|
Calculation courtesy Recoil Energy [keVnr]

of Aaron Manalaysay

J. Dobson - LUX - DMUK 8th Dec.14 Slide 30



Summary and outlook

+ With 3 months of data LUX's set world leading limit for SI WIMP-nucleon
scattering

+ Wide variety of calibrations used to validate detector response

+ Low-energy neutron calibration post Run 3 provided direct measurement
of NR energy scale in LUX

+ Expect re-analysis of first WIMP-search data with reduced threshold

+ Many opportunities beyond Sl:

+ SD, inelastic-DM, non-standard interactions, solar axions and ALPs

+ Currently preparing for 300-day run, ~ x5 improvement in sensitivity
expected
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