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DARK MATTER €VIDENCES

Rotation curve NGC-3198
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| DARK MATTER - DIRECT DETECTION 3

*Cold Dark Matter Candidates Spin Independent
OAXionS 1 E Isothermél halo |
oWIMP’s (weakly interative massive particles) are the T Za00 ks ez0.3 Gevicoms  Mx=100 GeV/c?

favoured candidates for cold dark matter:
*Neutral in most scenarios
*Requires physics beyond the standard model
... others

*LUX is a Direct Detection experiment

oWe look for scattering of galactic WIMPs with the
nucleus of the target material.

olsothermal model: expect recoil
<10 keV requiring detectors
with a very low
threshold.

»\ o, s1 = 10 pb (10° cm?)
—Xe
0.1 :\°~\

Electron Recoil  (0.001 I S T S \- T \.
0

IR 0 20 4 60 80 100
threshold recoil energy, keV

*Weak interaction

Nuclear Recoil Ospin dependent

neutrons S [ ] 2
c() " .Spin independent 0 o< A

integral rate, counts/kg/year
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Particle >

— ionization electrons
VNN UV scintillation photons (~175 nm)

DOUBLE-PHASE TPC

Drift time
indicates depth

Primary scintillation (S1)
*Secondary scintillation signal
from electroluminescence after

drift (S2)
*Position reconstruction

oZ from time difference between S$1
and S2 (1.51 mm/ps in LUX for a
electric field of 181 Vicm)

oXY reconstructed from light pattern
observed in the top array.
- Typical resolution of some mm.
‘Reject gammas, betas by S2/S1
ratio

o(S2IS1)y,e > (S2/S1)wimp
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1) THE L\/X DETECTOR °

370 kg Liquid Xenon Detector (59 cm height, 49 cm
diameter) in gas/liquid fases.

0250 kg in the active volume
0118 kg in the fiducial volume

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

*Viewed by 122 ultra low-background PMTs
061 on top and 61 on bottom
12 mBq/PMT

*Active region defined by PTFE
oHigh reflectivity for the VUV light - high light collection
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LA AT S\URF 6

*LUX operates 4850 feet (1478 m) underground at the Sanford
Underground Research Facility (SURF), South Dakota, US

*Surrounded by a 7.6 m diameter water shield

*Background dominated by construction materials ...

0<2 background events per day in the central 118 kg target in the
energy window of interest... and is decreasing.
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LUX inside the water tank, September 2012

Monday, March 17, 2014



RUN 3 DATA-TAKING :
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*Detector cool-down January 2013, Xe condensed mid-February 2013
Data-taking April 21 - August 8, 2013, 85 live days
0>95% data taking efficiency over WIMP search region

*Very stable conditions during the run:
o Thermal stability of AT<0.2 K, pressure stability AP/P<1% and liquid level variation <0.2 mm

«83MKr and AmBe calibrations throughout, CHsT after WIMP search (internal calibrations)
*Non-blind analysis
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BACKGROUNDS IN L\UIX
L@X AT LOW ENERGY

Predicted and measured low-energy background rates in the LUX 118 kg WIMP search
fiducial during the 85.3 day run. Rates are averaged over the energy range 0.9-5.3 keVee.

Background
Component

Gamma-rays

Internal Components
including PMTs (80%),
Cryostat, Teflon

103 x evts/keVee/
kg/day

1.8 £ 0.2seac £ 0.35ys

127X e (36.4 day half-life)

Cosmogenic
0.87 — 0.28 during run

0.5 * 0.02stae + 0.15ys

2I4pb

222Rn

0.11-0.22(90% c)

8Kr

Reduced from
130 ppb to 3.5 £ | ppt

0.17 + 010,

Predicted

Total

2.6F 0.25tat “ = 0.4sys

Observed

Total

3.6 * 0.3

*Model based on radioactive counting of detector components and simulation.

oVery good agreement with the data

*Extremely low backgrounds at low energy
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OBSERVED BACKGROUNDS 10
LOX AT LOW ENERGY

Entire run Last 44 days

Measured DRU (89 livedays, 89 eff)  log,,(DRUee) Measured DRU (44 livedays, 44 eff)  log,,(DRUee)
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r<18 cm, z=7-47 cm, 0.9-5.3 keVee
1 DRUe. = events/keVec/kg /day
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Hi)'e ELECTRONIC RECOIL CALIB. 1

*Xe self-shielding prevents y’s from reaching inner volume
oSolution: Use internal radioactive sources

Tritium is an ideal source for determination of the detector’s electron recoil
band and low energy threshold

oE(max) - 18.6 keV

o<E> - 5.9 keV Té

of3 decay with T12) = 12.6 y - Long Lifetime
*Tritiated methane was injected in the gas system and removed by the getter.
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L@X NUCLEAR RECOIL CAL.

*Recoil band defined by NEST (Noble Element Simulation Technique) which is
based on the canon of existing experimental data

o(see http://nest.physics.ucdavis.edu and JINST 8, 2013, C10003)
*Confirmed with 2'AmBe and 52Cf (external sources)

*GEANT4 + NEST MC was carried out that includes Neutron+X, to allow direct
comparison.
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http://nest.physics.ucdavis.edu/
http://nest.physics.ucdavis.edu/

| @)X €LECTRON RECOIL DISCRIMINATION

*Average discrimination from 2-30 S1 photoelectrons measured to be
99.6% (with 50% nuclear recoil acceptance)

1
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Leakage Fraction: fraction of the events in the ER band that spill over the lower half of the NR band

discrimination
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LGX

LIGHT YI1€LD €FFICIENCY

*Modeled using NEST.
*Artificial cutoff in light and charge yields assumed below 3 keVy. This is to be

conservative and it does not represent actual physics.

14

*Includes E field quenching of light signal (77-82% compared to zero field)

0.3 |
0.25 |
02 |

0.15 |

yield relative to Co-57 gamma

197
1 6.4

132

set hard thresh@do/'/

at 3 keVnr

10
nuclear recoil energy (keV)
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1193
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~~XENON100 limits

NEST:

Zero field
—181 V/cm
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DEUTERIUM-DEUTERIUM 15
L@X BEAM CALIBRATIONS

Fall 2013 - Adelphi DD108 Neutron Generator Installed Outside LUX Water Tank

oBeam leveled to ~1 degree
oDouble-scatters - ionization yield Q, (down to 1 keVnra)

oSingle-scatters - scintillation yield Lesfand NR band calibration (down to 2 keVira)
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These results were not
used in the science run
data analysis
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@)X GOLD EFFICIENCY FOR WINAP DETECTION 16

*Cumulative efficiency of: finding the S2 pulse, finding the S1 pulse, and finding
(only) one of each in a given event.

«Studied using calibration with neutrons (*'AmBe e #°%Cf) tritium calibration and a
full MC simulation of low energy nuclear recoils.
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SPACIAL DISTRIBUTION OF
THE GOLD €VENTS
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Single scatters (1 S1+1 S2), S1 Yield 2-30 phe and S2 Yield 200-3300 phe
Fiducial Cut: radius < 18 cm, 38<drift time<305 us, 118.3+-6.5 kg fiducial
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2.67 160 events observed ]
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SPIN-INDEPENDENT SENSITIVITY

19

WIMP-nucleon cross section (cm2)
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WIMP-nucleon cross section (cm2)
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LX)

L\/X 300 DAY RUN
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oStill not background limited and expect factor of ~5 improvement in sensitivity —

discovery possible

oPotential for improvements to E fields/calibrations /reconstruction
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L&) CONCLVUSION 22

L UX has made a WIMP Search run of 86 live-days and released the
analysis within 9 months of first cooling in Davis Lab
oBackgrounds as expected, inner fiducial ER rate <2 events/day in region of interest

oMajor advances in calibration techniques including 8™Kr and Tritiated-CHs injected
directly into Xe target

oVery low energy threshold achieved 3 keVnr with no ambiguous/leakage events
oER rejection shown to be 99.6+/-0.1% in energy range of interest

Intermediate and High Mass WIMPs
oExtended sensitivity over existing experiments by x3 at 35 GeV and x2 at 1000 GeV

*Low Mass WIMP Favored Hypotheses ruled out
oLUX WIMP Sensitivity 20x better
oLUX does not observe 6-10 GeV WIMPs favored by earlier experiments

*Results published in
oLUX Main Results PRL 112, 091303 (2014)

oRadiogenic and Muon-Induced Backgrounds in the LUX Dark Matter Detector (arXiv
1403.1299)
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.112.091303
http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.112.091303
http://arxiv.org/abs/1403.1299
http://arxiv.org/abs/1403.1299
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@)X RUN 3 €VENT SELECTION AND CUTS

Cut Events Remaining
All Triggers 83,673,413
Detector Stability 82,918,904
Single Scatterer (1 S1 +1 S2) 6,585,686
S1 Yield 2-30 phe (0.9-5.3 keVee, ~3-25 keVnr) 26,824
S2 Yield 200-3300 phe (200 phe ~ 8 single electrons) 20,989
Single Electron Background 19,796
Fiducial Volume (radius < 18 cm, 38<drift time<305 us, 160
118.3+-6.5 kg fiducial)

*We aimed to apply minimum set of cuts in order to reduce any
tuning of event cuts/acceptance.

*The cut list is very short.

Monday, March 17, 2014



LONGER. TERM: L\IX-Z €PLIN (LZ) 26

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

Ultimate direct detection experiment - approaches coherent neutrino scattering
backgrounds

oIf approved will be deployed Davis lab 2017+

Same water tank as LUX
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HISTORJICAL PROGRESS IN THE LIMITS

Limit on Nucleon <(Sl),

50 GeV WIMP
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CURRENT WINAP CROSS-SECTION LIMITS

28

WIMP—nucleon cross section [cm?]
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@)X RUN 3 €VENT SELECTION AND CUTS

Cut Events Remaining
All Triggers 83,673,413
Detector Stability 82,918,904
Single Scatterer (1 S1 +1 S2) 6,585,686
S1 Yield 2-30 phe 26,824
S2 Yield 200-3300 phe 20,989
Single Electron Background 19,796

Fiducial Volume 160

29
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WINAP DETECTION EFFICIENCY - 30
LU TRUE RECOIL ENERGY

3 keVnr

S2area ~230 phe (8.9 extracted electrons) Efficiency falls >18 keVnr due
S1area ~2.0 phe S1[2,30] phe range

§ 06 ...... ..... ‘ _¢_ ‘ ...... ..... ...... ..... ........ g ?forel an;(; antaflySItSCUtS - ...... ..... ]
%J 05 ...... ........ + ..... .\ .................. o Ot puse| entitica |On ..... ...... ..... _
504 o _|_43kev nr50 é,.j,SZ,puI,s_e|dent|f|cat|o_n_.; ..... ]
03k = S1_+S.2.sm.g_le,sld_en.tlflcatlo.n ............... ]
02 g  |"  _____ ‘”t' ....................... i
P IR S0 G G SV ncluding analysis cuts: ]

. " Efficiency for $1+S2 identification

or —qi_'_ ..... ...... ..... ...... ..... (S1area>2 pheszarea>200 phe)

0 > 4 6 8 10 12 14 16 18 20

recoil energy (keVnr)

True Recoil Energy equivalence based on LUX 2013 Neutron Calibration/NEST Model
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IMULATED RESPONSE FOR HYPOTHETICAL 31
WINAP SIGNALS

*For a 1000 GeV WIMP and cross section at the *For 8.6 GeV WIMP at 2.0x10-4' cm2, CDMS
existing XENON100 90% CL Sensitivity 1.9x104 cm? I Si (2012) 90% CL.:
oexpect 9 WIMPs in LUX search oexpect 1550 WIMPs in LUX search
T 10 Gt St
- Probability Density Function (PDF) - " S B
E ) for WIMP Signal Note how WIMP distribution appear

25 E- below the calibration NR mean ... -25

1.5¢

log10(S2bc/sic)
|
W
()]
log10(S2bc/sic)

il ... the shiftbeturs because for a given S2 value
the S1is more likely fo have up-fluctuated in 45
order to appear above threshold

0.5 -5 0.5 -5
0 5 10 15 20 25 0 5 10 15 20 25
S1ic (phe) S1c (phe)

PDF assumes Standard Milky Way Halo parameters as described in Savage, Freese, Gondolo
(2006) vo=220 km/s, Vescape = 544 kmls, Po = 0.3 GEV/CZ, Vearth = 245 kml/s.
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» DEUTERIUM-DEUTERIUM
LU BEAM CALIBRATIONS

*Neutron generator/beam pipe assembly aligned 15.5 cm below liquid
level in LUX active region to maximize usable single / double scatters
oBeam leveled to ~1 degree
0105.5 live hours of neutron tube data used for analysis
o Complete Geant4 LUXSim + NEST simulation of D-D neutron calibration

25: D(D,n) Neutron Generator Data

: —NR Band - LUX PRL
81 —NR Band - DD with 200 phe S2 Threshold
S ™ ~+200 phe S2 Threshold

log : o(82b/S1) X,y,Z corrected
o

LUX

Preliminary R

O'50 5 10 15 20 25 30

S1 x,y,z corrected (phe)

“eae

Agrees with NR Band used in LUX 2014 PRL
Accepted Dark Matter Result arXiv:1310.8214v2
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http://arxiv.org/abs/1310.8214v2
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DEUTERIUM-DEUTERIUM 13
BEAM CALIBRATIONS
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Samuel Chan, Carlos Faham for the LUX Collaboration
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DEUTERIUM-DEUTERIUM 34
L @X JONIZATIONVIELD

10 ' :
@ A A% £
2 '.‘a‘f.) . '
2. | :;,..-"“j "
g o 4 + -- .'"}
o 1 ) + T '
» 10 - > :
= e
o R
- e
N e
g //_/ )

-~
= LUX
P Preliminary
/""
(g
10

| 1
10 10
Energy Measured from Scattering Angle [kevma]

* Reconstruct number of electrons at
interaction site by matching ionization signal
model with observed event distribution using
binned maximum-likelihood

* Systematics associated with threshold
correction discussed in extra slides

* Systematic error of 7% from threshold
correction for (lowest energy) 0.7-1.0 keVnra
bin

* Red systematic error bar shows common

scaling factor uncertainty. Dominated by
uncertainty in electron extraction efficiency.
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0.7 keVira LUX
Preliminary
0
10 10

Energy Measured from Scattering Angle [keV ]

Blue Crosses - LUX Measured Qy; 181 V/icm (absolute energy scale)
Green Crosses - Manzur 2010; 1 kV/cm (absolute energy scale)

Purple Band - Z3 Horn Combined FSR/SSR; 3.6 kV/cm (energy scale from
best fit MC)

Black Dashed Line - Szydagis et al. (NEST) Predicted lonization Yield at
181 V/cm
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DEUTERIUM-DEUTERIUM
L@ 5

SCINTILLATIONYIELD
*Use single scatters with suitable
selection criteria LUX
PRL threshold

expected single scatter energy . _
spectrum with LUX threshold, purity, e
electron extraction, energy resolution 510 Rt
effects applied

*First bin conservatively begins at 50
phe S2bc to avoid spurious single
electron coincidence

-
-
g
-
d

*NEST based MC used to simulate l

LUX
*LUX Leff values currently reported at Prefipinary

181 Vicm as opposed to the traditional 10° | 10" | 102
zero field value. Energy (keV, )

’ Energy scale defined usmg LUX Blue Crosses - LUX Measured Lef; reported at 181 V/cm (absolute energy
measured Qy scale)

*X error bars representative of error ©'°¢" ©10%5¢s - Manzur 2010, 0 Viem (absolute eneray scale)

. . . Purple Band - Horn Combined Zeplin lll FSR/SSR; 3.6 kV/cm, rescaled to 0 V/
on mean of population in bin cm (energy scale from best fit MC)

Black Dashed Line - Szydagis et al. (NEST) Predicted Scintillation Yield at 181
V/em
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RN-RELATED BACKGROUNDS

The Uranium-238 Decay Chain

Atomic Number
82 83 84 85 R6 87 88 89 90 91 92
Only main decays are shown

The Thorium-232 Decay Chain
Atomic Number
81 82 83 84 85 8 87 88 89 90

| Ra-228 <ov_ Th-232
Only main decays are shown 575a 1.4x10%

Gamma emitters are not indicated

13 Thac-228

6.15h
P

Pb-212 cu :,po_ms@ Rn220] O |Ra-224| o |Th-228
106h 0.15s 5565 | €| 366d €| 191a

B
T (o) s ~
m I
' B

Element Names Half-life units
\. Th - thorium a - years
3 |Po-208 |( o P°‘21_§ Ra - radium d - days
Stable 0.3x10 Ac - actinium h - hours
Rn - radon m - minutes
Po - polonium s - seconds
Bi - bismuth
Pb - lead
TI - thallium

0?14Ph has a half-life of 27 minutes and undergoes “naked”

beta decay with 11% probability. This generates a low-

Gamma emitters are not indicated Th-234 | o |U-238
24.1d 45x10%a
B Tra-234
117 m
\li
gl o J R-222| O |Ra226| O |Th230| o |U-234
3.82d 1600 a | ¢ 7.7x10%a ¢ 2 4x10°a
Element Names Half-life units
U - uranum a - years
Th = thonum d - days
Ra - radium h - hours
Pa - protactinium m - minutes
Rn - radon s - seconds
Po - polonium
Bi - bismuth
Pb - lead
Potential

backgrounds in DM
search region

energy ER background in the WIMP search region in the
fiducial volume.

0214Bj and 2'2Bi  decays are vetoed at the 90% level due to

the low half-life of heir daughters.
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| @X BACKGROUND FROM E-127 ]

Simulation results

*Electron capture from S-wave orbital: -

Probability Density Functio
. .. 1keVee
p+e —n+ v,
o 2
% . okeVee _
é Ei%a%;—_
) = Sy
§ "?;:éf_ =— —
Energy released via cascade x-rays, or Auger 215 =
electrons. Total binding energy shown, and also _
expected EC probability from that shell
_ K shell (35 keV) (85%) or Internal Conversion Electron(s)
tiz = 36 days L shell (5.5 keV) (12%) 1 -
M shell (1.2 keV) (2.5%) Gamma Intensities
N,O shells (0.2 keV) (0.5%) 375 keV (17%) 0.2 kevee -
202 keV (68%)
EAaes) 0'50 5 10 15 20 25 30 35 40
145 keV (4.3%) S1c (phe)

58 keV (1.2%)

Ve-

Height [em]
=] 5 g

S

S

Predict 15 events in WIMP search data

oc

5 10

Radius [cm)
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| @X BACKGROUND FROM PB-214/KR-85 38

T,,:10.7y

*5Kr - beta decay - intrinsic background

in liquid X SKr 4%
*Kr concentration reduced from 130 ppb to 99.6% J,Sl 4 keV
3.5 ppt (factor of 30000) using a

chromotographic system developped by Qg = 687 keV 835Rb

the LUX collaboration

o
k=

w
o

214Pp (from 238U chain) has a half-life of e o

27 minutes and undergoes a beta decay. s

This generates a low-energy ER

background in the WIMP search region. : |
Predict 10 events in WIMP search data o I

0 5 10 15 20
Radius [em)

Height [cm)

n
o

Baqj
-3
-3.5
-4
-4.5
-5
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Hi)'e SETTING THE LIMIT 39

*Use of Profile Likelihood Ratio (PLR)

owe don’t have to draw acceptance boxes avoiding potential bias in data analysis from
selecting regions in $1,S2 signal-space.

Fixed point to test
_~Nuisance parameters,

E (O'test éj/ not fixed
Y
O

(%8

*Generate pseudo-experiments for otest, compare the value of test
statistic in data with the value of go,i from each pseudo-experiment and
from that get the p-value.

s = —2log

Value of maximum likelihood

Monday, March 17, 2014



Hi)'e NAODELING THE SIGNAL

from the nuclear band parametrization Ps is uniform in r> and z
P(x;0,0,) :‘PNR(loglo (52/51) |51 PS(ENR(Sl)*PS(r)PS(z)

contains the WIMP recoil energy spectrum
dR dENR
(o
dENR

PS(ENR(Sl)) 25(51) WIMP7TnVVIMP793) dS1
WIMP spectrum (we used the standard!)

8 45000

3 2200
2 2 40000} 2 2000
g & 35000 100 GeV /c2 WIMP 2 1800, 2 TeV /c2 WIMP
= £ 30000} €
2 2 : $
3 3 25000 2

20000

15000

10000
5000¢

80 100 0 20 40 60 80 100
Enr [keV] Enr [keV)
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FIT PROJECTIONS

41
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Hi)'e DISCUSSION 42

*Data Analysis and Blinding Discussion

oThe Xe Target inner fiducial volume is very simple, it sits inside a larger volume of Xe with only a
“virtual” surface dividing them

oModeling of extrinsic and intrinsic background signals in large monolithic Xe volume has low
systematics

oNo blinding was imposed for the first WIMP data analysis
oWe aimed to apply minimum set of cuts in order to reduce any tuning of event cuts/acceptance.
oThe cuts list is very short ...

oFiducial Volume was selected based on requirement to keep low energy events from grid and teflon
surface out of WS data. Primarily alpha-decay events.

oLow energy alpha-parent nuclear recoil events generate small S2 + S1 events. Studies position
reconstruction resolution. Tested using data outside WIMP search S1 energy range. This ensured
that position reconstruction for sets were similar, and definition of fiducial was not biased.

oUse of Profile Likelihood Ratio (PLR) analysis means we don’t have to draw acceptance boxes
oThis avoids potential bias in data analysis from selecting regions in $1,S2 signal-space

olnputs for Profile Likelihood Ratio analysis were developed using high statistics in situ calibrations,
with some simulations to cross check
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