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Early evidence for Dark Matter

* Fritz Zwicky (1930s) and Vera Rubin (1970s) measure rotational velocities of galaxies and clusters
* Expect Keplerian fall-off, but observe flat rotation curves
— Galaxies are rotating too fast

— Implies presence of much more mass in systems
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Much much more evidence since then
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Bullet Cluster (1E 0657-56)
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Much much more evidence since then
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Much much more evidence since then
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Dark Matter properties

Interacts only weakly with normal matter
Expected to be neutral in most scenarios
Cold: Non-relativistic freeze-out

WIMPs favoured candidates for Cold Dark Matter

(alternatives: axions, sterile neutrinos, ...)

Requires beyond standard model physics:

* Super-symmetry: LSP neutralino, 1040 to 10-°0 cm?,
Mass range GeV—TeV

* Universal Extra Dimensions: Stable KK, similar detection properties as neutralino
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Detecting Dark Matter
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Direct detection of galactic dark matter

Elastic scattering of galactic WIMPs oft ggi;;c:txza_r:( Matter Detection
target nuclei in terrestrial detector
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Direct detection techniques

+ Requirements: large mass, low-radioactivity, low-energy threshold,
high acceptance, discrimination
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WIMP search status < 30th October 2013

XENON100 (2012)
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WIMP search status < 30th October 2013

I N N 1
CDMS Si (88%. 90%) '
CDMS Ge (Collar & Fields, 90%, 997)
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The lL.arge Underground Xenon

LUX) experiment

The worlds largest dual-phase xenon
time-projection chamber
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Sanford Underground Research Facility (SURF)

Lead, SD, located in Black Hills
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L.LUX 1n the Davis Cavern

Clean Room

Breakout o v .
Control Room =y i LN Storage

Electronics

Counting Facility

LUX Detector

<« | Cherenkov Water tank
Gas System ‘
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An ultra low background environment

Breakout cart
Thermosyphon

Water tank

Source tubes

Cryostat
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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

Bottom thermosyphon

Hamamatsu R8778 PMTs (61 top, 61 bottom)
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The active region of LUX
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Principle of detection: dual phase xenon TPC

WIMP Signals in a Dual-Phase Xenon Detector

Grid

Anode
Grid

C. Ghag — University College London — 4 Feb. 2014 Slide 21



Principle of detection: dual phase xenon ' T'PC

Primary scintillation (51) and secondary ionization
signal from electroluminescence (52)

3D position (mm resolution)

S2 /51 particle discrimination Drift time
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LLUX supporting systems

Xe storage
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Calibrating LUX

WIMP-like

External sources via source tubes: /

*  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:

«  8mKy: half-life ~1.8 hours, 32.1 + 9.4 keV betas
— weekly purity & xyz maps; drift length >130 cm

Tritiated methane (CH3T): low energy betas (end point 18 keV)
High stats, uniform and high purity — ER band, ER acceptance
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First dark matter results from

LLUX
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Run 3 data-taking
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* LUX moves underground in July 2012
* Detector cool-down January 2013, Xe condensed mid-February 2013

+ Kr and AmBe calibrations throughout, CH3T after WIMP search

C. Ghag — University College London — 4 Feb. 2014 Slide 26



A LUX event - 1.5 keV electron recoil

S1 summed across all channels S2 summed across all channels
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Position reconstruction

+ Drift time (1.5 mm/ us) for Z-position,

+ XY position fitting S2 hit pattern with LRFs from internal calibrations
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Backgrounds in LLUX

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

Source Background rate, mDRUege

Y-rays 1.8 - O-QStat + 0-3sys
127X e 0.5 % 0.02stat & 0.1sys
214pp 0.11-0.22 (90% C.L.)
8°Kr 0.13 £ 0.07sys

Total predicted 2.6 £ 0.25tat = 0.45ys
Total observed 3.1 & 0.24¢at

log10 evts/keVee/kg/day

Squared radius [cm2]

The most radioactively quiet place in the world!
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...and stll dropping!

Measured DRU (89 livedays, 89 eff)  log,,(DRUee) Measured DRU (44 livedays, 44 eff)  log,,(DRUee)
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Light and charge yields

LUX 2013
Plante 2011
Horn 2011a
Horn 2011b
Manzur 2010
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“TAmBe & #92Cf calibration
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Calibrations

(a) Tritium ER Calibration
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(b) AmBe and Cf-252 NR Calibration
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Discrimimation

* For 50% NR acceptance at 181 V/cm average discrimination 99.6%

107 black circles: red squares:
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S1 efhciency

* Independent measures using AmBe, tritium, LED calibrations and full
MC simulation of NR events (includes analysis cuts)

N}

o LUX AmBe Neutron Calibration S1 data (lhs)
— Monte Carlo S1 LUXSIim/NEST (lhs)

—t
(00)

aray & red Efficiency from AmBe data

_¢_

—
N A O

—

-l
o

Efficiency from LUX|[Tritium data,
applied to ER backaround model for PLR

Q
—-—
©
—
Yo
©
oy
—-—
c
D)
—
&
i 1
o i
o)
]
>
.5
©
—
QL
—

© o O
H~ OO
relative detection efficiency

Flat energy source nuclear recoil sims,
applied to WIMP sianal model for PLR

o
N

10’
S1 x,y,z corrected (phe)

o

C. Ghag — University College London — 4 Feb Slide 36



NR acceptance

S2-only

S1-only

S1, S2 combined, before threshold cuts
S1, S2 combined, after threshold cuts
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Run 3 event selection and cuts

Cut Events Remaining

all triggers ; :
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

* Non-blind analysis!

+ Hardware trigger: at least two trig. channels > 8 phe within 2 us window
(8 PMTs per trig. channel)

* >99% efficient for raw S2 > 200 phe
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Run 3 event selection and cuts

Cut Events Remaining
all triggers 83,673,413

| defector 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

+ Remove periods of live-time when liquid level, gas pressure or grid
voltages were out of nominal ranges:

+ Less than 1.0 % live-time loss!
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Run 3 event selection and cuts

Cut Events Remaining

all triggers 83,673,413
detector stability 82,918,902
| single scatter 6,585,686 I

S1 energy (2 — 30 phe) 26,824
S2 energy (200 — 3300 phe) 20,989
single electron background 19,796

fiducial volume 160

+ Exactly 1 52 and 1 S1 as identified by the pulse finding/ classification:

+ Separate S1s from S2s using pulse shape and PMT hit distributions

* Sls identification includes a two fold PMT coincidence requirement
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Run 3 event selection and cuts

Cut Events Remaining

all triggers 83,673,413
detector stability 82,918,902
single scatter 6,585,686
I Sl energy (2 — 30 phe) 26,824
S2 energy (200 — 3300 phe) 20,989
single electron background 19,796
fiducial volume 160

* Accept events with S1 between 2-30 phe (0.9-5.3 keVee, ~3-18 keVnr):

+ 2 phe analysis threshold allows sensitivity down to low WIMP masses

* Upper limit avoids 127Xe 5 keVee activation
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Run 3 event selection and cuts

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

+ 52 threshold cuts subdominant to S1:
+ 200 phe ~ 8 single electrons

* Removes small 52 edge events and single electron events
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Run 3 event selection and cuts

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

I single electron background 19,796 I

fiducial volume 160

* Require less than 100 phe (< 4 extracted electrons) of additional signal in 1
ms period around S1 and S2 signals:

* Simple cut to removes additional single electron events in 0.1-1 ms following
large S2 signals

* Only 0.8% hit on live-time
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Run 3 event selection and cuts

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

I fiducial volume 160 I

* 118 kg fiducial volume defined by:
* Z cut: 38 < drift time < 305 us (320 us is max drift time)

* Reconstructed radial position < 18 cm
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LUX WIMP search data, 85.3 live-days, 118 kg FV

+ After all selection cuts:
160 candidate events in fiducial (r < 18 cm and 7 cm < z < 47 cm)
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LUX WIMP search data, 85.3 live-days, 118 kg FV

S1 > 2 phe:
conservative S1 pulse
:identiﬁca{ion > 50%
| S1 < 30 phe:
avoid 1?7Xe 5

keVee activation
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LUX WIMP search data! 85.3 live-days, 118 kg 'V
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LUX WIMP search data! 85.3 live-days, 118 kg 'V
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Simulated response for hypothetical WIMP signals

For 1000 GeV WIMP @ 1.9 x104 cm?, XENON100 90% CL.:

— expect 9 WIMPs in LUX search

Illlll T L] T LI B B

XENON100 (2012)
— observed limit (90% CL)
Expected limit of this run:

+ 1 o expected

+ 2 o expected

jI IIllII,II 1 IlII|,||I | IIIIui

log10(S2bc/s1c)

P
:
:
:
§
2
E

1 1 1 1 I 1 1 1 1 1 | 1 1 I
6 7 8910 20 30 40 50 100
WIMP Mass [GeV/c?]

S1c (phe)
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Simulated response for hypothetical WIMP signals

I I
——— CDMS Si (88%, 90%)
~——— CDMS Ge (Collar & Fields, 90%, 99%)
CoGeNT (90%, 99%)
-~ CDMS Constraint (90%)
---- XENON100 Constraint (90%)
-+~ XENON10, S2-0Only Constraint (90%)

1

—

For 8.6 GeV WIMP @ 2.0 x104 cm?,
CDMSII Si (2012) 90% CL ....

log10(S2bc/sic)

15
S1c (phe)

— expect 1550 WIMPs in LUX search
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Profile likelihood ratio for limits

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

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

N

e—Ns—NCompt —Nxe—127—NRn222

Lws =

WIMP signal PDF: Backgrounds as *uisance
- 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
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Spin-independent sensitivity
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Upper limit @ 33 GeV /2 is 7.6 x 1046 cm? °

— first sub-zeptobarn WIMP detector!

/ XENON100[2012)-225 live days

iys: 90% upper limit

{ — 102! barn!
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L.ow-mass WIMPs excluded
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What’s next: LUX 300 day run
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+ 300 day run planned for 2014 /2015
+ Cosmogenic cool-down plus potential for further improvements (E-field, cals., ...)

« Still not background limited and expect factor of ~5 improvement in sensitivity
— discovery possible!
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The ZEPLIN programme at Boulby Mine

ZEPLIN | ZEPLIN 11

Single phase, 3 PMTs, 5/3.1 kg Double phase, 7 PMTs,
Run 2001-04 moderate E field, 31/7.2 kg
Limit: 1.1%10¢ pb Run 2005-06
Limit: 6.6*10°7 pb

Single-phase The first 2-phase LXe Dark Matter
detector!

ZEPLIN 1N

Double phase, 31 PMTs,
high E field, 10/6.4 kg
Run 2009-11
Limit: 3.9%10% pb

Europe’s most sensitive S|
World’s best WIMP-neutron SD
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Longer term: LUX-ZEPLIN (L.Z)

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

+ Ultimate direct detection experiment - approaches coherent neutrino scattering backgrounds

Same water tank as LUX
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Onwards and downwards

SuperCDMS Soudan Low Threshold

XENON 10 S2 (2013)
4+ CDMS-Il Ge Low Threshold (2011)
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Figure from SNOMASS CF1 WIMP Dark Matter Detection summary
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1.Z. Projections
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1.7 and all *G2’ Projections
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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 WIMPs fully excluded by LUX

* Results paper accepted by PRL, expect more to follow

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

#* LUX-ZEPLIN proposed successor will approach irreducible
background limit for direct detection experiments
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