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Time Progression of Sensitivity
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Detector Response Mechanics

® Energy E is deposited into 3 channels: excitation,
lonization, and heat
® Heat is most prominent for nuclear recoil (NR), reducing
the total number of measurable quanta with respect to
electron recoil (ER)

® Excitation and recombination (electrons recaptured,
into excited state) lead to the primary scintillation (S1)

® Escaping ionization electrons lead to the secondary
scintillation (S2), adding to knowledge of energy

Nex—> Now—> S1 (subset making it to PMTs and detected as phe)

-

N S drift, diffusion*—sextraction—>gas photons>S2

mic motion, i.e. heat *and some absorbed by imp



How LUX Works

Large Underground
Xenon experi ment WIMP Signals in a Dual-Phase Xenon Detector

6 kV/cm in gas

ANOCE

Discrimination of o
background: the ratio
of S2 to S1 differs for
NR compared to ER

Two-phase xenon TPC

XY position
from top S2
hit pattern

Xe 1.5 mm/us
Liquic Fimes e~ drift speed
in 180 V/cm
drift field

Fiducialization and
multiple-scattering
rejection powerful: LXe
dense and high-Z, so
good at self-shielding

Looking for WIMPs to
single-scatter NR...

O to ~300 us
of drift time

Cathode
Grid

2 x 61 PMTs with ~30-409% QE



What a Typical Event is Like

1.5 keVee (combined energy reconstruction) ER event
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Deployed Not Too Far Away

4,850-foot-level (overburden
of 4,300 m.w.e.) for shielding

LUX against cosmic rays




Some Pics, Factoids

~6 m tall by 8 m e L 370 kg gross/
wide water tank ' o - 250 active xenon
' | inside
low-background ,
titanium cryostat we’ /. . ~50 x 50 cm
o ' ‘ active region



Event Energy Reconstruction
E=[Ny, +N.J*W=[(S1/g;)+(S2/g,)]*13.7e-3 keV(ee)

® g, Is an efficiency that accounts for both geometric
light collection and the QEs of the PMTs (product)

e Defined for the center, with position variation, +/—
~209, between top and bot, mapped out with Kr83m

® g, accounts for electron extraction efficiency and
number of photons detected per extracted electron

® Reconstructed energy not used directly in final dark
matter analysis because after absolute calibrations of
NR light and charge yields we can just simulate the
S1 and S2 spectra for different WIMP masses

® Though in this case we still need to know both g, & g,

~ ® NR has factor L < 1 accounting for fewer overall

«uanta (not just S1 photons) being generated due




New Calculation
of the g-Factors

Known as a “Doke
plot” of the anti-
4| correlation between 214p ¥cs

S1 and S2 (a line) 27y
T35 x . % * 12% efficiency for the
g | mxf\ ; detection of a primary
2 3 sy scintillation photon
" Crosscheck of ® Previously 149 quoted
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(plus optical sin
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NR Charge and Light Yields

® No longer relying on LUX AmBe,
252Cf nor model from old data

® No extrapolation from results of 2| ot

s T

small, calibration chambers B —e—

. . . g Measured down__a B
Needf plante et al. 2011 (gold O-field L, points): Considering]
e Data f that this LXe detector has the highest light detection|
dla TMefficiencies achieved in a LXe detector, measuring Leg in|
SNOWN lthe near future at lower energies is probably impractical| kevnr cut-off
very prqand will be subject to a considerably higher svstematicfom 2013 analysis
e Start uncertainty from the trigger efficiency roll-off. NOT SO! [ =
Plante made an excellent, crucial measurement, but
we managed to find a way to reach even lower energy

ect

For S _ ——r.
. . . E - ...;_--;' }Lj;%* ™
® Major effort to refine analysis P gt |
® Optimization of event selection = g/'oe,v,?ﬁutgedl
. e I Sys. uncertainty (flat
® |mproved study of systematics “~1.2 |3 keVnrcut-off
- . keVnr! jfrom 2013 analysis

------ NEST 1.0 still too conservative (Previous
- Modified NEST for re-analysis y



Same Scrutmy e denloved it
nternally-deployed tritium source
fOI’ the ER NOW provides ER from O to 18 keVee

Ess| | e LUX measurably efficient at 1 keV!
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L P L e Tells us what background looks
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Distribution of Backgrounds

e 3.6 +/- 0.3 x 103 single scatters/(keV-kg-day) in low-energy regime
e Measured 3.5 ppt Kr with RGA. PMT gamma-rays = biggest background
e (Cosmogenics from surface run have decayed away (Xel31m, Xel29m)

® No ER v. NR discrimination here: PLR deals with whole distribution.
Potential fiducial mass increase (118 kg, 2013)_ z
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New: DIGITAL individual photon
counting, useful at low energies
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ER Leakage into NR Band

ol ' ' ' ! [ ".. ! ! ! ' ! ! | ' ' ' ! 10-2

03 o) ER Disorimination.

99

99.9

L

discrimination (%)

+::799.99

O Gaussian Extrapolation

10 20 30 40 50
S1 detected photons

Iog10(82/S1) - ER Mean
o
O

99.999
60

S1 detected photons

® 99.8 +/-0.0003 (stat) +/- 0.01 (sys) % average discrimination (S1<50)
accounting for all non-Gaussianities. Counting all ER events below
continuous fit to NR band centroid (Gaussian) in discrete bins

® S1 photon detection efficiency as important as field for leakage
Not L_Jsed directly in our limit calculation, which is a PLR (Profile




What Else Was Improved?

® Pulse finding algorithms, XY position reconstruction,
baseline subtraction, definition of 1 detected photon

® |ncluding the aforementioned spike counting, which
allows us to “beat” the ~359% resolution of single phe

e “Thinner” ER band width; less chance to look like NR

® Taking non-uniformity of drift field into account (~10
V/cm difference between top and bot; higher at top)

® When calculating e~ absorption length for S2 correction
® When determining the e~ drift speed and event depth

¢ Additional nuisance parameters in PLR calculation

® fFor instance g,, which adjusts the effective charge yield,
thus band means and energy threshold in S2 channel

® Lower threshold: now using 2 photons in different
M s very simply mstead of 2 phe m|n|mum area




Updated WIMP Search Result
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WIMP Dark I\/Iatter L|m|t

ZEPLIN 111
XENON100 (201

|
N
N
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IMP-nucleon cross section (cm2)
7\

45| +/- 1R expected gensitivity

= 10
Better understanding of NR signal
as well as ER backgfound should

: enable gains acrossiall mass, not

CDMS |
, 100 live‘da

XENONJ00 (Z2012), 225 live days

(2013), 85 live

Finishing re-ana
with slightly gre
exposure, right i
Stay tuned for |
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Our Low-Mass Sensitivity

- s I Ge
_ DAMA/LIBRA Favored :
NE 10—40_ .
2 vared
_§ CGe vor O === \ |
é 107"} CDI\/IS INSi Favores |
7))
g We’ll be pushing this way
‘C’ down because previously we
S Lol were conservatively %m
© assuming no NR yields of from
% any kind below 3 keV, and  this p begause it
o . yet we have evidence of was 2013) i
= ) non-zero light yield down to SuperCDMS I|m|t
= : lower and non-zero charge
LUX (2(y|eld down further, to sub-
keV now using our DD gun XENONH00 (20122
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log, ,(S2,/S1) x,y,z corrected

Band at Different Masses
Simulated signal model samples for different-mass WIMPs

Lower-mass WIMPs not only produce less energetic recoils
but appear lower in log(S2/S1) space: detections would be
from upward fluctuations in S1, further away from ER

Xe 1s more sensitive to light WIMPs than naive assumption
at least for the classic Sl (spin-independent) interaction

2.6}
241

221 ¢

8.6 GeV WIMP

Probability Density |
Function -

-~

-

- e =—.

__Can see thiseffestin XENON
collaboration YBe preliminary
result Rl LT

20 30 40 50
S1 x,y,z corrected (phe)

1 2.6
1 2.4}

2.2

{ 18},

1.6 ¢

1.4

2r ¥’ ~._ Gaussian mean really ~50%
. -

1,000 GeV WIMP

Only at high mass and thus
higher energies is the NR
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Another Look at Light WIMPs

10! : w— My =6GeV, ¢ =104 cm?
) w— My, =10 GeV, ¢ = 1044 cm? 10
100} 3 My =30GeV, 0 =8 x 10 * cm? |

B

%

Differential Rate [evts/kg/day /keVnr]
WINIP-nucleon cross sectipn (cmz)
S

i
5
&

" 10 10' 10° , 10
Recoil Energy [keVnr] Mynip (GeV/co)

LUX 2013 upper limits assumed NO SENSITIVITY to recoils below 3 keVnr.
This was not an *analysis* threshold, but an artificial one, a hard cut-off

Decreasing this response cutoff from 3 keV to 1 keV provides access to a
factor of 1000* more signal at M = 6 GeV/c?, and higher masses affected

*Before folding in detection efficiencies for S1 and S2 pulse identification, pairing



A Bright Future for LUX

Re-analysis of original exposure underway. Results soon
® Dedicated DD and tritium papers also in preparatlon et al.

New analyses of the initial data set

® Spin-dependent neutron and proton

e Solar and galactic axion limits ﬁ‘><£>
o S2-only limit for extreme-low-mass

e Effective field theory, DEC, and more”

LUX has achieved the most kg-days of any xenon TPC, as well as the
lowest energy threshold, the latter thanks to great light collection

Anticipate continued use of great internal calibration sources (CH;T,
83mKr) and DD neutron generator for same detector as WIMP search

® Working on next, 300-day run (blind, via salting), pushing sensitivity
* G2 WIMP experiment LUX-ZEPLIN coming (passed DOE CD-1 review)

® Bigger (10 ton total) also better version of LUX and ZEPLIN LXeTPCs
® Same location and infrastructure at SURF

LUX still strictest limit on WIMP-nucleon spin-independent interacti
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BACKUP MATERIAL




More on VUV Photons

Single Photo-electron Distribution of pulse
=== Blue LED
Single Photoelectron Calibration dareas Of ¥ "i.‘.‘: phOtonS — :3? E;::uu
5 | | ) | | i
| —— PMT 121] .
4t . -
= 1077
S 3} =z
£ LUX
g 2 = Preliminary
= 2
il S .
© A, 10
O‘W original Run 3
1 , , | | , analysis | . | |
0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90
samples (10ns) Pulse area [mV ns]

»Photon —PMT photocathode — single electron  Faham et al., http://arxiv.ore/abs/1506.08748, has
Except general (not just LUX) discussion of this quirky effect
A oo

-Xe scintillation: 178 nm (6.97 €V in liquid). Calibration LEDs: 470 nm (2.6 eV)
»Two photo-electrons about 20% of the time in Xe
-phe (photoelectrons) — phd (detected photons)



Event Acceptance

Penetratlon of Wall Events into Fiducial Volume

.95 live days

.Larger fiducial mass m
(145 kg) thanks to the 3| otimm e Prelminary
wall model gr) g TN
:S2 threshold of 165 phd  y,.: s 55
Two-photon S1s S e P
accepted regardless of  Of:| ", =

area “ A et B

091 Events observed o
between S1 of 1and 50 . == — =
phd prior to the PLR R 1 0 i T

18 20 22 24 26
corrected radius / cm Rad I us



Position Reconstruction

® |terative approach used to
optimize resolution (Mercury,
developed by ZEPLIN)

20f-
155 e XY reconstruction of events
: near the anode grid resolves
10 grid wires with 5 mm pitch
5_ Va3
c [ sof-
- -
= 0% 7oF
s oof-
- s0f-
-10[- -
[~ 40:—
-15;— 30f
20F G 20
1_-1l|IIIIlllll|IIIIII;IIhlllII'IllllllllllllllIIIII 105—
-20 -15 -10 -5 0 5 10 15 20 - | | |
X, cm by 45 a4 05 o0

Distance across the wire



SuperCDMS Scudan Low Threshaold
XENON 10 52 (2013)
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Relative Light Collection

Optical Model Verification

095

08

085

1lllTll‘l[lleI][ll_fll‘IlllTll][llI[l]Tl

06
Z Position [cm]

ectivity in LXe

o
=3
o

flon Refl

Te
=
2

092

08

50 70 8 90 100

LXe Photon Absorption Lenghth [m]

Resulting g; comes out as 0.119, only 2% off from Doke-plot measured value!
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