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Dark Matter first postulated in 1950s

* 1930s Fritz Zwicky

* and 1970s Vera Rubin
— Galaxies are rotating too fast

— 10 x more mass needed!

Vera Rubin
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Much much more evidence since then

Rotation curve NGC-3198
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Detecting WIMPs

* Weakly Interacting Massive Particles:

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

K3

Expected to be neutral in most scenarios
* Interact only weakly with normal matter

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

1

E  Isothermal halo

* Look for nuclear recoil from elastic e v s My=100 GeV/c2

. . . 0,51 = 10°° pb (1045 cm?)
scattering of galactic WIMPs off material :

in terrestrial detector:

* WIMP speed ~220 km /s — nuclear
recoils O(10 keV)
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Detecting WIMPs

* Weakly Interacting Massive Particles:

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

* Expected to be neutral in most scenarios
* Interact only weakly with normal matter

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

Important factors for detector: large mass, low-radioactivity,

low-energy threshold, high signal acceptance, ability to
reject ER backgrounds (discrimination)
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The l.arge Underground Xenon
LUX) experiment

The worlds largest dual-phase xenon
time-projection chamber
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The LLUX collaboration
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Principle of detection: dual phase xenon TPC

+ Xe: scintillation+ionization, self-shielding, ~3 g/cm?3 and self shielding, A2 boost for osi

+  Energy reconstruction, 3D pos. rec., discrimination
y
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Sanford Underground Research Facility

* Deep underground science at former Homestake gold mi
in Lead, South Dakota ]

* LUX based in Davis campus on the 4850" level (1300 mw

* Excellent lab facilities and support
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An ultra low background environment

Breakout cart

Thermosyphon

Flux Attenuation in Water
o (Normalized to Number of Incoming Particles)

U] e Rk Gammas |
=== Rock Neutrons
| ==t mu Neutrons |
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Cryostat

Full details of LUX backgrounds in recent paper: Astroparticle Physics (2015), pp. 33-46
http://arxiv.org/abs/1403.1299
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The LLUX cryostat

Top thermosyphon Feedthroughs

Low background titanium cryostats

Anode and electron
extraction grids

Xenon recirculation

and heat exchanger

250 kg active liquid xenon
(370 kg total)

PTFE reflector panels
Cathode grid

Photomultiplier tubes

- - A
- -

Bottom thermosyphon

Full description of LUX:
Hamamatsu R8778 PMTs (61 top, 61 bottom) NIM. A 704, 111-126(2013), arXiv:1211.3788
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A LUX event - 1.5 keV gamma ray scatter

S1 summed across all channels

S2 summed across all channels
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Calibrating LLUX

+ External sources via source tubes: WIMP-like

e

+  Americium-beryllium (AmBe) and ?°2Cf: low energy neutrons — validating
NR models and detector sims, NR efficiencies

Xenon self-shielding — internal sources injected into circulation
system preferable:

+  83mKry: half-life ~1.8 hours, 32.1 + 9.4 keV betas — weekly purity, xyz
corrections

+ Tritiated methane (CH3T): low energy betas (end point 18 keV). High stats,
uniform and high purity — ER band, ER acceptance

8Rb coated charcoal plummed

external source holder

i Collimation Hole Handle

E Reducer (Tungsten) 3
' Casing

(SS) .

Source

Tungsten Shield

-

Tungsten Shield
Casing (SS) Back Plate
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Timeline of LLUX so far

LUX funded in 2008 by DOE and NSF

Above-ground laboratory completed at SURF in 2011
LUX assembled; above-ground commissioning runs completed

Underground laboratory completed at SURF in 2012.
LUX moves underground in July to its new home in the Davis cavern.

Detector cooldown, xenon condensing and detector commissioning completed and
gas phase testing completed April 2013

Initial (3-month) WIMP search — October 2013
Neutron gun calibration Nov/Dec 2013

Detector development and preparations for 300-day run: Jan 2014 — present
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First dark matter results from

LLUX

118 kg and 35.3 days of live-time data
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Run 3 data-taking

Use of Time

100.00% [l Development
Troubleshooting
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80.00% M WIMP search data

60.00%

40.00%
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0.00%
1\0 rLk 5'\ j :\k rL'Z) {5 ;\’L l\ rL 1 9 ) ﬂ:b 50 ,\1 AB (b,bc l\ :\'2) 3}6 6 1\6 rﬁ,
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+ >95% data taking efficiency over WIMP search region

+ Kr and AmBe calibrations throughout, CH3T after WIMP search
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Analysis strategy

Unblinded analysis - aim for minimal cuts and high acceptance

Unbinned PLR to compare data with predicted signal +

background in 4 parameter space: x = S1, 1og10(52/51), r and z
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Light and charge yields from NES'T

A Sorensen IDM 2010 (2010) - 0.73 kV/cm
. . Char e Vield v So::z NIM AB01 (2009):0:73 kV/c:
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§ L ] % ----- Horn 2011a g [ 2 .
5 02 129 F |- Hom2011b | '© - | T :
0 L ] < = Manzur 2010 > S e S .
S i 1 & (@] I__{-———” X ]
2 015 | 197 2 2 | .
E : | & NEST: > T | R
= 01Ff 164 s | | | NG
§ i ] z Zero field © Artificial 3 keVnr N
2 0.05 - ] S |—181Vicm = | lonization Cut-off ]
el 132 2 1 | (same as with scintillation) _“
r 1 C L bal
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+ Yields at vertex based on Noble Element Simulation
Technique, M. Szydagis, JINST 6, P10002 (2011)
+ Uses full Lindhard model with Hitachi correction
Sorensen and Dahl, Phys. Rev. D 83 , 063501 (2011)
+ Anchored to experimental data
+ Includes electric field quenching of light signal
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Light and charge yields from NES'T

A Sorensen IDM 2010 (2010) - 0.73 kV/cm
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* Yields at vertex based on Noble Elem imulation
Technique, M. Szydagis, JINST 6, P10002 (2011)
+ Uses full Lindhard model with Hitachi correction For first WIMP search
Sorensen and Dahl, Phys. Rev. D 83 , 063501 (2011)
y result LUX used
+ Anchored to experimental data conservative cut-off
L . L below 3 keVnr
+ Includes electric field quenching of light signal
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Run 3 event selection

Cut Events Remaining
all triggers 83,673,413
detector stability 82,918,902
single scatter 6,585,686
S1 energy (2 — 30 phe) 26,824
S2 energy (200 — 3300 phe) 20,989
single electron background 19,796
fiducial volume 160
0] . gategrd __
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Extensive measurements and validation of efficiencies

* AmBe neutron calibration, Tritium data, LED calibrations and full MC
simulation of NR events (includes all analysis cuts):

* Dominates overall efficiency
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NR acceptance elliciency
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Background discrimination: ER and NR bands
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Run 5 LUX WIMP search: 85.3 live-days, 118 kg IV
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Run 5 LUX WIMP search: 85.3 live-days, 118 kg IV
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Spin-independent sensitivity plots

Upper limit @ 33 GeV/c2is 7.6 x 1046 cm? g

‘ — first sub-zeptobarn WIMP detector!
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L.ow-mass WIMPs excluded
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Neutron gun calibration

Following 2013 WIMP search run
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In situ neutron gun calibration in Autumn 2013

2.5 MeV monochromatic neutron generator
outside water tank + adjustable neutron
conduit to detector (leveled to ~1 degree)
|
ised to 15.5 cm

liquid level

105.5 live hours of neutron tube data

Single Scatter (S1, 1xS2s > 100 phe)

Preliminary
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3D recon. S2 pos. for multi-scatter —
scattering angle — recoil energy at first
vertex:

dm,mxe 1 —
E-E My, M X cos 6

(My + Mxe)? 2
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Multiple-scatters — absolute charge yield

+ Absolute charge measured to below 1 keV

Run 3 WIMP result 3 keVnr
conservative cut off

i

* Demonstrates sensitivity for recoils below
Run 3 cut-off

Double Spatter (S1, 2xS2s > 50‘phe)
T
Blue Crosses - LUX Measured Qy; 181 V/ >E .| Flat Sys.
cm (absolute energy scale) © 10 " Erroron Blu
Green Crosses - Manzur 2010; 1 kV/cm ~ Points =T
(absolute energy scale) g (1-sigma)
Purple Band - Z3 Horn Combined FSR/SSR; B
3.6 kV/cm (energy scale from best fit MC) %
5 ------------------------ i
Q
Black Dashed Line - Szydagis et al. (NEST) >(_:
Predicted lonization Yield at 181 V/cm S LUX
S Preliminary
8 Reconstructed lonization Yield with
- Associated Statistical Uncertainty
10° |

10° TS
Energy Measured from Scattering Angle [keVnra]
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Single-scatters — light yield

* NEST + detector simulation to
simulate single-scatter spectra

# Fit for Leg 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

For more details:

3*10"

3*102

Run 3 WIMP result 3 keVnr
conservative cut off

' Single Scatter (S1, 1xS2s > 50 phe)

pr
---
“"
e
-
v"

-
-
1o
———
pr
-
'

bl LUX

Preliminary

lat Sys. |

X0 mm

r on Blue ]
2oints

1 sigma)

0

10

10’
Energy (keVnra)

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

(forthcoming paper in preparation)

10
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What's next?
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New LUX analyses and 500 day run

* Lots of new papers in the pipeline:

+ DD-data — revised Run 3 limit, S2-only, spin/ momentum-independent limits,
Axions, Halo/astrophysics-independent limits

* 300 day run expected to start
soon:

)

2

* Not background limited

10 X (2013)-8b live days

* expect factor of ~5
improvement in sensitivity

1
1
1
1
1
1
1
-44 !
S
1
1
1
1
1

* — discovery possible

107°}

WIMP-nucleon cross section (cm

\ e ’ ]
‘\\ lXS 7 LUX projected (2014 //115)-300 live days

1070 b
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Longer term: LUX-ZEPLIN (L.Z)

20 times LUX Xenon mass, active scintillator veto,
Xe purity at sub ppt level:

Instrumentation conduits Projected sensitivity:

Water tank

Gadolinium-loaded
liquid scintillator veto

IIIIIIIIIIIIIIIIIIIII

High voltage
feedthrough

log, (63" [Pb]

Liquid xenon
heat exchanger

120 veto PMTs —

10 10 10°

7 tonne liquid xenon
: m, [GeV/c?]

time-projection chamber — 488 photomultiplier tubes (PMTs)
Additional 180 xenon “skin” PMTs

+ Ultimate direct detection experiment - approaches coherent neutrino scattering backgrounds
*  July 2014: selected as one of DOE /NSF second generation DM search experiments

* Scheduled to be deployed Davis lab 2016+
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Summary

* With 85.3 live-days LUX set world’s best limit on spin-
independent scattering;:

+ 90% UL 7.6 x 1046 cm? @ 33 GeV / ¢? — first sub-zeptobarn WIMP detector

* Low-mass WIMP signals excluded by LUX

* In situ measurement of energy scale for low-energy nuclear
recoils

* LUX at the frontier of dark matter direct detection - exciting
times ahead with the 300 day run, WIMP discovery possible!

* Longer term: LUX-ZEPLIN!
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BACKUPS
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WIMP search status < Oct. 2013

—
N
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L.LUX in the Davis Cavern

Clean Room

Breakout
LN Storage

Electronics

Counting Facility

LUX Detector
<« Cherenkov Water tank

Gas System
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LUX supporting systems

Xe storage

Thermosyphon
IN
bath ~s l N
J | Arl:".
- [ -~ ‘;3.’:‘
conduits
into
cold water
} L head tank
‘ ?D"i@ nge (48
S e : @-éa . ?
-\ condenser /;"‘an_e_l 1
ARLEE S LUX Thermosyphon

sampling
RGA:=

Xe
recovery
pumps
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The active region of LLUX

Top
grids

PTFE
reflector
panels

Bottom
grids

=
=
=
=
=
=
=
-
-
=
—
=
=
=
=
=
=
=
f
==
-
-
-
=
=
=
=
=
-
-
=
=

Top PMT array

Xxenon in
active
re gion

Bottom PMT array

LR RN RN ARR ARy

1.0cm
Wire strung, 50 um wire, 5 mm spacing T 22222 IEISSS2S22S2SRSSSSS 2RISR . —
-6 kV/cm electroluminescence [ g
Wire mesh, 30 pm wire, 0.25 mm spacing A a2 araazszazsasazaass sarsarazzazasans¥- -

4 1.0cm

Wire strung, 100 pm wire, 5 mm spacing}v’autcuvunouaulcuuuu'uauX_ e

-3 kV/cm extraction
-180 V/cm drift field |4

Wire strung, 100 um wire, 1 ¢cm spacing C llllllllOllDODIll‘lll'llll'lllllllllll'l"‘- -
1.9 cm warm

4.0 cm cold*
Wire strung, 100 pm wire, 5 mm spacing B aoonpoaunlunnuuaanunounuu'onn}- -

w[. 19cm

* Primary scintillation: PDE of 14%
* 52 single electron extraction efficiency: 65%

* Single extracted electron: 26 phe/e-
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Exceptional technical performance

Low-energy electron recoil rate of
3e-3 events/keV /kg/day.

Kr/Xe ratio of 3.5 ppt.

Electron drift length longer than 130
cm.

Light detection efficiency of 14%.

Electron recoil discrimination of
99.6%, with drift field of 181 V/cm.

Electron Lifetime, us

|+ Data (stable release)
L

Sran of Faunid Wi
00 us mnkum etime J
> X - -

Electron Drift length, cm

(4]

20 40 0 ™ 00 ) 3
Days since March 1st 2013

40

A A
160 180

J. Dobson — PANIC2014 — 25th Aug. 2014

Slide 43



Position reconstruction

« Drift time (1.5 mm/ us) for Z-position, XY position by fitting S2 hit pattern
with Light Response Functions (LRFs) from high stats internal calibrations

20

15
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80
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40

IIIIIIIIIIII[I|I]II|IIII|IIII|

30

20

II|IIII|IIII|IIII|IIII'lhlIII|IIII|IIII|IIII|III 10

20 -15 -10 -5 0 5 10 15 20
X, cm

T

1 1 1 1 | 1 1 1 1 | 1 1 1 1
5 -1 -0.5 0
Distance across the wires. cm

1

|l\jlllllll

* XYZ info — fiducialisation and XYZ light collection corrections
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ce / kg / day

counts / keV

Backgrounds in LLUX

+ Construction materials chosen for low radioactivity: Ti, Cu, PTFE

* Screened for radioactivity at SOLO counting facilities and at LBNL

* 118 kg fiducial reduces BG by 10%: gamma 1.8 mdru and neutron 500 ndru

107°

J. Dobson — PANIC2014 — 25th Aug.

214Bi (ZSSU)

W
black = measured

red = simulated based on screening

228AC (232Th)

1000 1500 2000 2500

Energy deposited (keVee)

500

3000

Background Component

Source 103 x evts/keVee/kg/day

Internal Components

Gamma-rays including PMTS (80%), 1.8 £ 0.2stat £ 0.3sys
Cryostat, Teflon
7Xe (36.4 day halfe) | o o Eogrgg%i?:ﬁg | 05£0.02m 015
214pp 222Rn 0.11-0.22(90% cL)
Reduced from
85
Kr 130 ppb to 3.5 % 1 ppt 0.13 £ 0.07sys
Predicted Total 2.6 £ 0.2stat £ 0.4sys
Observed Total 3.1 £ 0.2stat
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Backgrounds in LUX

+ 118 kg average Apr. - Aug. is 3.1 mdru (0.5 mdru cosmogenic)
+ 1 milli dru = 103 events/keVee/kg/day

Measured DRU (89 livedays, 89 eff)  log,,(DRUee)

And going down with time!

Measured DRU (44 livedays, 44 eff)  log,(DRUee)
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Good agreement between NR sim and neutron calibs

+ AmBe + Cf: low energy neutrons - peak at just above 2 phe S1 and out to 15 phe

* Comparison to NEST predictions for flat NR sim and NEST plus full detector
simulation:

)
|
=
B
|

C — MEST Pradiction C =— MEST Pradiction
185 % ——— Simulation 035} — Simulation
- —— Data _F —— Data
‘§‘ 18— § 03
& 17 Boesf-
gnm' ;E‘:-z: | [
- o 02
: et Ly ]
B 5 Bois I [ ]
e F -
£ 14 E’ R==
13 0.05—
T Ly o l 4 " " " M IR 1 | " " " I
% 5 0 15 20 25 30 % 5 10 15 20 25 20
51 (phe) 51 (pha)

+ Full sim matches data well as includes ER contamination and neutron+X

+ WIMP data not expected to contain these so use flat NR sim for signal pdf
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Profile hikelihood ratio for limits

* Unbinned maximum likelihood compare data with prediction on event
by event basis. Use:

4 observables: x = S1, 1og10(S2/S1), r and z

e—Ns—NCompt—NXe—127—NRn222 N emmmmmmmmees

Lws = N P (:l: g, 9 )“I‘ NComptPER(w OCompt)
N

4"
-

-
-
-
-
-
-
-
-
-
-
-
‘4
-

WIMP signal PDF: Backgrounds as imuisance
- WIMP dE/dR for given mass (see earlier) parameters:

- efficiency from validated NR sims - detector efficiencies included
- N is parameter of interest - 30% uncertainty on overall rate

Ratio of this to null hypothesis used to create test statistic and
extract 90% CI upper limit

Cross checked with simple cut and count method
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Simulated response for hypothetical WIMP signals

log10(S2bc/s1c)

For 1000 GeV WIMP @ 1.9 x10-4 cm2, For 8.6 GeV WIMP @ 2.0 x10-4! cm?,
XENON100 90% CL.: CDMS 1I Si (2012) 90% CL:
— expect 9 WIMPs in LUX search — expect 1550 WIMPs in LUX search

1.5F 15F o
@

)
(&)
log10(S2bc/s1c)

Shift from NR mean due to S1 up-fluctuations

for fixed S2 — improved ER leakage

0.5 -5
5 10 15 20 25 0 5 10 15 20 25

S1c (phe) S1c (phe)

0.5
0

Signal PDFs same as used in PLR and assume Standard Milky Way Halo
parameters and conservative NR cut-off below 3 keVnr

J. Dobson — PANIC2014 — 25th Aug. 2014 Slide 49



