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Overwew

o UX refresher

eOriginal LUX results (2014) and re-
analysis (2015)

e Details of internal electric fields

*Grid conditioning

*332 day run

*Data salting
e WIMP-search data
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LUX

Large Underground Xenon experiment

A direct-detection search, looking primarily
(but not only) for WIMP dark matter

X X

A. Manalaysay | LUX: IDM2016
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WHY USE LIQUID XENON TO
LOOK FOR WIMPS?

A. Manalaysay | LUX: IDM2016
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Why use liquid xenon?

Large signal
1o <10

LR R M ':'50' Gle\lf '(7 S : 1'0_'45' Cr'nz' Jiiie Scalar WIMP-nucleus

X / “nucleon |  interactions lead to an A2
enhancement in the
differential rate relative to
other commonly used
detection media.

=
o0

=
o

* Natural xenon contains
~50% odd isotopes, giving
high sensitivity to spin-
dependent interactions.
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Why use liquid xenon?

Low background

Event rate (I?RU)*

* Liquid detectors are scalable up to large
0.5 size.

0  Dual-phase time projection chambers

B feature 3-D localization of events.

H.-_’ 3 q U | e.t | N -th e - --1 e The combination of these two features

. .5 Ppermits an ultra-low-background inner
M) |C| d ‘e region to be defined. We are sensitive to
: signals that would cause as little as a

-25  few events per century in a kilogram of
. xenon.

Depth [cm]

Radius [cm]
DRU = cts/keVeel/kg/day

* "DRU" = evt/kg/day/keV

A. Manalaysay | LUX: IDM2016
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Detection technique

e LUX is a dual-phase time projection
chamber (like most other liquid-noble DM
experiments); essentially a cylinder of
LXe.

* Primary scintillation light (“S1”) is emitted
from the interaction vertex, and recorded
by an array of PMTs on top and bottom.

e Electrons emitted from the interaction are
drifted by an applied field to the surface
and into the gas, where they emit
proportional scintillation light (“S2”), also
recorded by the PMTs.

® This design permits:

» 3-D localization of each vertex.

Time

S2

Drift time
indicates depth

. S1

» Identification of multiple scatters (via
S2 count).

» ER/NR discrimination (via S2/S1)

» Sensitivity to single ionization
electrons.

—» jonization electrons
N UV scintillation photons (~175 nm) Imege by GH Fshem (Brown)

A. Manalaysay | LUX: IDM2016 8



LUX DETECTOR

* 48cm diameter by 48 cm

height dodecagonal
“cylinder”.

* 61 PMTs on top, 61 on
bottom, specially produced
for low radiogenic BGs and
VUV sensitivity.

-

* Xenon was pre-purified via
chromatographic separation,
reducing residual krypton. \

* Liquid is continuously
recirculated (%4 tonne per
day) to maintain chemical

purity.
e Ultra-low BG t"[’amum
cryostat.

- VHINE
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Sanford Underground Research Facility

LUX, located on thle 4850 level
(~1.5 km underground) in Lead,

South Dakota. ~107 reduction in "L 3 et
cosmic muon rate. g

A. Manalaysay | LUX: IDM2016
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Calibrations

LUX has taken calibrations very seriously. We make heavy
use of:

e 83mKy: 1.8hr half life, monoenergetic, injected ~weekly.
Spatially uniform!

e CH;T (tritiated methane): Removed on a ~8 hr timescale
by our purification system. Injected 2-3 times per year.
Spatially uniform! Used to define our ER band.

* Deuterium-Deuterium neutron generator: 2.45MeV
monoenergetic, collimated neutron beam, incident at
any desired height. Used to define our NR band.

See talks by Sally Shaw
and Rick Gaitskell

A. Manalaysay | LUX: IDM2016 11
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LUX timeline

2008: LUX funded
(DOE+NSF)

2013 (Apr):
Commissioning

complete 2014 (Sep): 332-day
run started!

2016 (May): Run
finished

2016 (July): 332
days DM results
presented

2014 (Mar): First results
(3 months) reported

N

2015 (Dec.) 3-month run
reanalysis posted.
Published 2016 (Apr).

\

2012 (Jul): Underground
lab complete, LUX

moves UG

PMS o
\\ S\WB‘C
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LUX2014 /2015 — 95 live days

\

 Back-to-back Phys.Rev.Letters on spin
independent and dependent WIMP-
nucleon couplings from the LUX2014

Spin-dependent sensitivity

D WIMP-neutron cross-section (cm?)
=)

data (Presented in 2015). 10%
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Electric-field uniformity

e Field-shaping rings help to ensure a uniform field
magnitude throughout the ~90 liters, though a
residual radial component does creep into the
active region. —

4a
e Electrons therefore exit the liquid surface (where ol T S
they are detected) at a radius smaller than that of A e LS
the interaction vertex. St AL e
 The shape of the A— =
detector wall, as = Ckrdn | 1 IX2015 4k I=
measured, is therefore so| [T COMSOL model I, =
not a vertical line. =
e Measured coordinates N E || ow —
(”SZ space”) are 2 10| Measured position of wall B i =
squeezed relative to £ \ | A
ysical coordinates 5 2% [ 1 1T B
F”real space”), though o B IS
they represent the same |
actual volume. 300 I
Fiducial volume is not | — |
decreased. % 5 0 15 20 2 e T

S2 Radius at Liquid Surface [cm] r [cm]

A. Manalaysay | LUX: IDM2016
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Grid conditioning

The LUX2015 results featured:
* 50% electron extraction efficiency

In order to improve these values, after
LUX2014 (and following calibrations),
the LUX electrodes were “conditioned”.
The voltage is raised for an extended
period of time until significant current is
drawn, in the middle of the threshold
for sparking.

The result of the conditioning is:
e 75% electron extraction efficiency.

A. Manalaysay | LUX: IDM2016
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Gate

Cathode

Besseste:. |

[LXe

UOOUUOOUD),

15



Dark-matter results from 332 new live days of LUX data

Grid-conditioning side etfects

0 L e L L R
B *"Kr data
50' == coMsoLmodel| LUX2015
100 Measured position of wall 1
| (before grid conditioning)
2 150 ]
[
£
F 200 _
A
250 ]
300 | ]
s L . .
0 5 10 15 20

S2 Radius at Liquid Surface [cm]
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Grid-conditioning side etfects

Drift time [us]

e After grid conditioning, the radial field

50

100

150 |
200 |
250 |

300 |

350

400

' Measured position of wall
' (after grid conditioning)

still 250 kg
| in here

Luxeote J

I 2014-09-03 |4
B 2015-03-21 ||

—_— [ 2015-09-28 |]
; I 2016-05-03 |-
o 5 10 15 20

S2 Radius at Liquid Surface [cm]

component increased significantly.
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Grid-conditioning side etfects

e After grid conditioning, the radial field
component increased significantly.

0 | ' ' ' )
LUX2014-2016 4 : e
50[ T e The physical position of the wall of course
Measured position of wall has not changed (i.e. our active volume is
100} \ unchanged), but the measured wall radius
depends on the depth of the event.
150
- | still 250 kg in A :
< 200} her e The measured wall radius is not axially
5 ere symmetric.
E 250
* The measured wall radius varies slowly in
300 time. |
350 | 3 2014-09-03 | o o 130,5 < Ort < 190,6
\/// BN 2015-03-21 | J’ + 1900 <om <250u |
' I 2015-09-28 S bt . —]
400 [ 2016-05-03 |- I t | A }

0 5 10 15 20 25
S2 Radius at Liquid Surface [cm]

S A S T S

Average Wall Radius (cm)

EES S ERRS SN SR EREAS
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Modeling the E-field

o—————

LUX2016 / §

50| e The effect is consistent with a buildup

of negative charge on the PTFE walls
of the TPC.

| Measured position of wall

) \

150 -

7 | still 250 kg in -
i | | ——
2 2001 here =
.% "‘\“ % ;'
3 250} NS J
| .

350 | , 0 2014-09-03 |
\—/ B 2015-03-21 |] 4
_— e B 2015-09-28 | |
400 | [ 2016-05-03 | _
........................ . .

0 5 10 15 20 25

S2 Radius at Liquid Surface [cm]

e We have built a fully 3D electrostatic
field model which traces the
evolution of this effect in time. '

* Calibration data allows for robust Vi,
calculation of fiducial volume. ™

A. Manalaysay | LUX: IDM2016 19
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Modeling the E-field

e Fully 3-D model is constructed in
the COMSOL Multiphysics® FEM
simulation software.

e Charges are added (non-uniformly)
to the walls and the 3-D field is
calculated.

e The 3D field map is combined with
the known field dependence on the
electron drift speed to obtain a
mapping between “real space” and
“52 space” coordinates.

e Results are compared to the N —
observed distribution of ™Kr B ——
decays, and the charge densities are N
iterated until a best-fit is obtained.

A. Manalaysay | LUX: IDM2016
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Modeling the E-field

e Fully 3-D model is constructed in
the COMSOL Multiphysics® FEM
simulation software.

e Charges are added (non-uniformly)
to the walls and the 3-D field is
calculated.

e The 3D field map is combined with
the known field dependence on the
electron drift speed to obtain a
mapping between “real space” and
“52 space” coordinates.

 Results are compared to the
observed distribution of 83™Kr
decays, and the charge densities are
iterated until a best-fit is obtained.

* 10x variation in field magnitude

A. Manalaysay | LUX: IDM2016
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Variation in time of wall charge

Dark-matter results from 332 new live days of LUX data

INncrease in

[ w/D1] a81eyd ageIoAy

[w/D17] 231eyD

0.0
—10.5

-1.5
8 .0
5

magnitude over time.

e Wall charge is concentrated in the upper portion
of the PTFE walls.

e Average wall charge is observed to

10+
0

[wd] z

22
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Determination of fiducial volume

83mKr calibration
0

How does one determine fiducial
mass in such a situation?

102
S0k

100
101
150

e Calibrations with 83™Kr are performed
every week.

[ \)
(==}
o

4100

Drift time [us]

250

Number of events

e The injected Kr mixes uniformly in the

300 . % < & A
|04 active volume within ~10 min timescale.

350}

e The mass surviving any fiducial cut can

10 be found by:

400

S2 Radius at Liquid Surface [cm]

Fiducial Mass = 251 kg x

Num. evts. passing fiducial cut

Num. evts. total

e CH3T calibrations (smaller S2) are used to

determine systematic uncertainty.
A. Manalaysay | LUX: IDM2016 23
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Position corrections

e Size of the S1 depends on the location of the
event (due to geometrical light collection), and
S2 (due to electronegative impurities)

 Normally, one develops a geometrical
correction factor by flat fielding a mono-

energetic source.

 However, a spatially varying E-field ALSO
atfects S1 and S2 sizes, but differently for

every particle type and energy.

alpha, light

!

O
0.9 “NR, light -
0.8-1 L
S P T
g 0.7p ‘0‘ ¢ 4- - ‘ER, charge
m -
S 06l ;‘{’ (122 keV)
S osf /. % .
m /

o 0.4F ) 8 ¢ N .
1 / ER, light ¢
031 (122 keV)
0.2pmFa° a = SR

NR, charge
0.1 alpha, charge
0—!.... i 4 ¢ ¢ ? ? °
0 1 2 3 4

Drift Field (kV/cm)

E. Aprile et al. PRL 97 (2006) 081302, astro-ph /0601552
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the detector

008888888006
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Position corrections

® Our strategy is:

» Disentangle position effects from field

effects.

» Apply a correction to account for position

etfects only.

e 8mKr has two decays close in time. The
ratio of the first-to-second S1 pulse area
depends on field alone. This allows us to
measure the component of variation due to

applied field alone.

- S2 Field Effect

16— — S1 Field Effect - Recombination
14 S1 Field Effect - S1a Method

S —S1 Field Effect - Chi2 Method

®

£ 1.2

©

o 1

u- ...........................

o)

pe 0.8

o

§ 0.6

)

o
»

©
N

2.4 2.6 2.8 3
S1a/S1b
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0- .........................................
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Dealing with a varying/changing field

How to deal with a field that is varying in space and varying in time?

—> Break the Run up into M time bins
—> Break the detector volume up into N voxels
In each of the MXN segments, treat that segment as having a uniform

detector model for ER and NR response (i.e. constant applied field and
other detector parameters).

Too few segments —> Field variation not adequately accounted for.
Too many segments —> Calibration data too sparse; computational
resources become strained.

4x4 segments adequately captures the field variation.
—>We effectively have 16 independent detectors

A. Manalaysay | LUX: IDM2016 26
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Data parameter space

ER band

4/
3.8_— NR band

Energy
— N contours
% - (constant number
3 of quanta)
ODS —
S 1 eLikelihood analysis

performed in

1  observed quantities
| (data not converted
to energy: model

22 converted to S1, S2)

0) 10 20 30 40 50
S1 (phd) e Dashed curves are

10-90%-iles.

A. Manalaysay | LUX: IDM2016 20
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Framework for modeling ER and NR response

e We use the Noble Element Simulation Technique (NEST) as a
framework for modeling the S1 and S2 response of LXe due to a

N EST variety of particles, energies, and applied fields. Developed and
based on world’s data.

e The NEST model is “tuned” to each of the 16 detectors by varying
the applied field until we see a match between model and

http://nest.physics.ucdavis.edu Cahbrathn data-
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Periodic calibrations

May 2016

Sep.2014
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Periodic calibrations

Sep.2014

May 2016

i T
Y The detector is thoroughly
calibrated (out of necessity).

these empirical results.

log10(S2¢ [Phd])

- NEST models are tuned to data
. by adjusting E-field and the r

,f
i/ Fano factor.
s B , |f
S . TimeBin1 {}/,” / Time Bin3 {}/ /"
O 1! Z slice 4 # / l l 1 Z slice 4 j{ ’
) L i
) 0 10 20 30 40 0 10 20 30 40 10 20 30 40 0 10
p% S1c [}h i
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DD calibration
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——4] Solid lines:
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«3{l band mean.

==-- Dashed lines:
NEST model,
10-90 percentile.
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Radiogenic backgrounds

eBackgrounds from
radioisotolges in detector

materials have not changed

since the previous LUX
results.

0

10 ¢ ' '
127y 214pp, (2381
' 21ag; (238 )) *28Ac (*°4Th)
N X 60 40
o A, /\CO K 208+ /232 -
S g i s BTI(C%PTH) |
s 5 ¥ Bi (U)o
2 - /
@ :
> : B\
I 5 .-
~ 10 °F = = = Best fit to data
N :
© Expected spectrum
| === based on screening ‘,‘_
results
10_3 ' : : : :
500 1000 1500 2000 2500

Energy deposited [keVee]

D.S. Akerib et al., Astropart.Phys. 62 (2015) 33, 1403.1299

A. Manalaysay | LUX: IDM2016

3000

oIn the first LUX results, there
was a residual amount of %7Xe
among our stock of Xe, and
was included as a background
component.

eHere, the 127Xe has decayed

away and we neglect its
contribution (>20 half lives at
the beginning of this data set).
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Wall-surface backgrounds

* Radon plate-out on PTFE surfaces survives as e These sources can be used to define the
210Ph and its daughters (mainly 219Bi and radius of the wall in measured
210Pg). coordinates, for any combination of

e Betas and 2%°Pb recoils into the LXe travel drift-time and ¢

negligible distance, but they can be
reconstructed some distance from the wall as
a result of position resolution (especially for
small S2 sizes).

| | | | " Time Bin 1 : 10/27/14 - 1/1/15 Time Bin 3
210PO a 120ps < Drift < 140us v : v .
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=
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—éO —‘20 —iO 6 1‘0 2‘0 3‘0
x at surface (cm)
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Dark-matter results from 332 new live days of LUX data

Wall-surface backgrounds

* Radon plate-out on PTFE surfaces survives as ® We define our fiducial volume as 3cm

210Pb and its daughters (mainly 21°Bi and inwards from the measured wall.
210P), .
SR Fiducial boundary Increasing 52
e Betas and 20°Pb recoils into the LXe travel < Data Wall Model
negligible distance, but they can be L1000F o5 e 200,001 phd ~__——_ SIE[55,500] phd
: = 100F 3
reconstructed some distance from the wallas § | I
a result of position resolution (especially for * |} = bk oG ]
small S2 sizes). . 1(1)88 52 € [500,500] phd S1 €[ 55,500] phd!
= i
0Py o w5 10 :
20 1 é— + + + I |_|I + + + + Il-l + + + 3
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Fiducial definition

* We define our fiducial boundary as
3cm inwards from the observed wall

Wall Model

Data

. ; 1000 F <5 = 100 2001 ahd Q=155 5007 whd]
in SZ Space (done n 3D) é 100 r S2 e [ZOO,fOO] phd S1&€[55,500] phdj
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| ') 1000 } e e :
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1001 ! o 1 1k
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Dark-matter results from 332 new live days of LUX data

Background estimates

Expected Figure of merit only (we do a likelihood analysis)
number below

Background

source )
NR median

External gamma 1514019
rays 2 e Bulk volume, but leakage
at all energies
Internal betas 1.2 £ 0.06

Rn plate out 73t Low-energy, but confined to
(wall background) e the edge of our fid. volume[*]

Accidental S1-S2

coincidences st 2= 010 4
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Dark-matter results from 332 new live days of LUX data

Profile Likelihood Analysis

*Data are compared to models .
in an un-binned, 2-sided 2
profile-likelihood-ratio (PLR) E
test.

Events
N
[6)]

'|'."F|IIII|III T IIII|IIII|II

100

Events
o O
o O

n
O O O
no III|III|III|III|III|I
Q g

5 un-binned PLR dimensions:

» Spatial: 1, ¢, drift-time (raw-
measured coordinates)

o 100
g 80 —— I
» Energy: S1 and log10(52) C i = TS
20
] binned PLR dimension: L L

» Event date
* The data in the upper-half of

the ER band were compared " " T e
to the model (plot at right) to  ¢=
assess goodness of fit. i

03 = X 0 i 2 3

phi (radian)
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Dark-matter results from 332 new live days of LUX data

Cut efficiencies

e Cuts on the S2 topology are
applied, targeting:

» S2 waveform (“Gas-event”
and “Merged S2”)

» S2 PMT hit pattern “S2 hit-
pattern cut”

e Flat signal acceptance at high

S2, falling to 60% acceptance
at S2 threshold.

A. Manalaysay | LUX: IDM2016
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Dark-matter results from 332 new live days of LUX data

Details of the WIMP search

11 September 2014 — 3 May 2016
e Live time (332.0 days)

®

®
®
®

Time-

Time-
Time-]
Time-

oin 1 (2014.

oIn 2 (2015

e Fiducial mass:

®

®
®
®

Time-
Time-
Time-
Time-
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0oIN 3 (2015.
oin 4 (2015.

09.
.01.
04.
10.

09-2014.

01-2015

01-2015.

01-2016

binl: 1054+53kg
bin2: 107.2+54
b - 992 £ 50
bin4: 98.4+49

12 31
03 .31
09.30):
.05.03):

46.8 live-d (31.8 d not salted)
46.7

91.6

146.9

(33500 + 1700) kg days
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WIMP-search data

e Traditional blindin

(example seen here) masks Y
the signal region completely. 33
* Challenge (seen very often o1,
in this community): Y e
= L
» One is also blind to rare S 32(.
backgrounds and 2IN
pathologies. o
= 28
* One need not go to this
extreme in order to mitigate >0
bias. 2.4
22 . |
0 10 20 30 40 50

S1 (phd)
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WIMDP-search data

e Traditional blindin

(example seen here) masks e e e T
the signal region completely. 33 et e e R T

* Challenge (seen very often
in this community):

» One is also blind to rare
backgrounds and
pathologies.

log, [S2 (ph)]

* One need not go to this
extreme in order to mitigate

bias.

S S S
0 10 20 30 40 50

S1 (phd)
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Dark-matter results from 332 new live days of LUX data

WIMDP-search data

e Instead of traditional
blinding, we employ a
technique where fake signal
events (“salt”) are injected
into the data stream.

e Fake events are injected at the
level of raw waveforms, and
are built from calibration data
(not simulation).

e Mitigates bias while allowing
for scrutinization of
individual events.

e Used already in neutrino
experiments and searches for
fractional charge.

A. Manalaysay | LUX: IDM2016
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Dark-matter results from 332 new live days of LUX data

WIMDP-search data

* This plot shows the data from
our 16 “detectors” stacked on
top of each other.

® Dots are events:

» Gray: within 1cm of our
fiducial boundary

» Black: bulk events

e Salt is not yet identified here.

A. Manalaysay | LUX: IDM2016
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Dark-matter results from 332 new live days of LUX data

WIMDP-search data

* This plot shows the data from
our 16 “detectors” stacked on
top of each other.

® Dots are events:

» Gray: within 1cm of our
fiducial boundary

» Black: bulk events

e Red and blue curves are the
ER and NR bands,
respectively.

e With salt removed.

A. Manalaysay | LUX: IDM2016
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Dark-matter results from 332 new live days of LUX data

WIMDP-search data

e After salting, events outside
the ER band were
scrutinized again.

* Two populations of rare
pathological events were
identified, that had
contributed three
particularly dangerous
events.

log, [S2 (ph)]
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Dark-matter results from 332 new live days of LUX data

Three pathological events

e Events A and B have ~80%
of the light in a single top-
edge PMT. Consistent with
energy deposited outside
the TPC, and light leaking
through a gap near the edge
of the PMT array. p of
O(10%) and O(101°) for A
and B, respectively.

e Event C is highly
concentrated under a few
top PMTs and has a time
structure consistent with gas
scintillation emission. Event
came after high rate in
preceding 1 second.

e Since these events do not
correspond to interactions in

the TPC, we develop cuts

[post-un-salting] to target

them.

A. Manalaysay | LUX: IDM2016
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Dark-matter results from 332 new live days of LUX data

Three pathological events

 Post-un-salting cuts:

» Loose cuts (high signal acceptance), defined on calibration data.

4

25

Flat signal acceptance.
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WIMDP-search data

® This plot shows the data from
our 16 “detectors” stacked on
top of each other. gy ORRVe TR T

e Dots are events:

» Gray: within 1cm of the
radial fiducial boundary

§
» Black: bulk events =

e Red and blue curves are the ;9
ER and NR bands, B
respectively.

e Salt is removed.

) o AL 22 L . L L I . L L L I L L L L I L . . . I . . . .
red events: removed by post 0 - o= o m =

unsalting cuts. S1 (phd)
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WIMDP-search data

® This plot shows the data from
our 16 “detectors” stacked on
top of each other. g ke TN

e Dots are events:

» Gray: within 1cm of the
radial fiducial boundary

§
» Black: bulk events =

e Red and blue curves are the ;9
ER and NR bands, B
respectively.

e Salt is removed.

o -un-salti ‘ ol
Post-un-salting cuts applied. . " " " " %

e p-value = 40% consistent with S1 (phd)

background-only hypothesis.
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SI WIMP-nucleon exclusion

* Brazil bands show
the 1- and 2-sigma
range of expected
sensitivities, based
on random BG-only
experiments.

e Factor of 4
improvement over
the previous LUX
result in the high
WIMP masses

e Minimum exclusion
of 2.2 X 1046 cm? at
50 GeV

A. Manalaysay | LUX: IDM2016
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SI WIMP-nucleon exclusion

* Brazil bands show
the 1- and 2-sigma
range of expected
sensitivities, based
on random BG-only
experiments.

e Factor of 4
improvement over
the previous LUX
result in the high
WIMP masses

e Minimum exclusion
of 2.2 X 1046 cm? at
50 GeV
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summary and next steps

* New world-leading result from LUX’s 332 live-day

search, cutting into un-probed parameter space.
Excluding SI WIMPs down to 0.22 zepto barns

e Publication to be submitted soon; more details on
this analysis available today at 1uxdarkmatter.org

e More analyses forthcoming (SD, axion, ALPs, etc.)

e LUX is currently performing a series of end-of-run
calibration campaigns.

e Onwards and downwards: LUX-ZEPLIN (LZ)
experiment under construction, 7 tonne active mass
(2020).
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