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- Density: 3 g/cm?

- light yield: > 60 ph/keV (zero field)
- scinftillator light: 178 nm

- nuclear recoil threshold: ~ 2 keV

Drift time
indicates depth

(lonisation) §2: LXe excellent ionisation
detector

- ST + S22 allows mm vertex reconstruction
- single ionisation electron capability
- nuclear recoil threshold: < 1 keV —— ionization electrons

VN UV scintillation photons (~175 nm)

Particle_ L=

L S1

WIMP target:
- scalar WIMP-nucleon scattering dR/dE ~ A?
- odd-neutron isotopes ('“"Xe, 131Xe) enable spin-dependent
- no damaging intrinsic background ('%/Xe,#m/13ImX e 136Xe, 85Kr)
- light WIMP search search with low S2 threshold

- alternative searches
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The LUX instrument LEX

LUX (Large Underground Xenon detector) is a dual-phase Xe TPC
e 250 kg of active LXe, 47 x 49 cm? TPC
e S1 and S2 read out by two arrays each of 61 ultra-pure PMTs

e Low background (Xe self shielding, low background materials, external
water tank - Cherenkov u detector)

Top PMT array

Top
grids

PTFE
reflector
panels

Bottom
grids

Bottom PMT array
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&0 The LUX instrument LdX

LUX (Large Underground Xenon detector) is a dual-phase Xe TPC
e 250 kg of active LXe, 47 x 49 cm? TPC
e S1 and S2 read out by two arrays each of 61 ultra-pure PMTs

e Low background (Xe self shielding, low background materials, external
water tank - Cherenkov u detector)

LUX300w4_R8778H - TopPMTs, BotPMTs
(U 18.00, Th 17.00, K 30.00, Co 8.00 mBg/PMT )
(All Events) (5-25keVee)(RFR=5cm) log, , DRU
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Same cavern where
solar neutrinos were
first discovered.

LUX, located on the 4850 level

(~1.5 km underground) in Lead,
South Dakota. ~107 reduction in
cosmic muon rate.
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The LUX ‘Run 3’ resulis

LUX underground in July 2012
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| Development
Troubleshooting

W Calibration

I WIMP search data

Cooling down in January 2013, Xe condensed in February 2013
Kr and AmBe calibrations throughout, CH3T after WIMP searches
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WIMP searches: 85.3 days - 118 kg L &)X

(Charge/Light)
log , O(SZb/S1 ) X,y,z corrected
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&) WIMP searches: 85.3 days - 118 kg %

Events recorded in the Run 3 WIMP search data

o 6l T Background expected in the blue band
R Sighal expected in the red band
2.4 4L Observation consistent with background only
X ++\\ hypothesis (p value of 35%)

(Charge/Light)
log , O(SZb/S1 ) X,y,z corrected
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S1 x,y,z corrected (phe)
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') WIMP searches Run 3 limit

LX)

WIMP nuclear Spin Independent (SI) cross section
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Status and preparation for new results

LUX towards ‘Run 4’ WIMP searches and
re-analysis
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LGX

Before Run 4

e End of 2013: high-stats calibration with CHsT and DD neutron, for Run 3
e First half of 2014: optimising grids HV. Increased extraction field by 17%

Run 4 started in Sep 2014 after finalising new stable run parameters
e 4 weeks of DD neutron data + 5 days of CH,T data

e So far ~100 live-days of WIMP search data
e March-April: second set of DD + CH;T calibrations

e Aiming for 300 live-days WIMP search (+ calibrations) before June 2016
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Before Run 4
e End of 2013: high-stats calibration with CHsT and DD neutron, for Run 3
e First half of 2014: optimising grids HV. Increased extraction field by 17%

Run 4 started in Sep 2014 after finalising new stable run parameters
e 4 weeks of DD neutron data + 5 days of CH,T data

e So far ~100 live-days of WIMP search data
e March-April: second set of DD + CH;T calibrations

e Aiming for 300 live-days WIMP search (+ calibrations) before June 2016

Prospects
e Expected improvement of a factor of 2 - 4
e 127Xe has disappeared

e Beftter background modelling for Profile Likelihood
Ratio (PLR) analysis

WIMP-nucleon cross section (cmz)
=

\ lx4 7
Y-~ UX (2016)-300 live days

e Improved detector response calibration at very low  * = % oy
energy
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Before Run 4
e End of 2013: high-stats calibration with CHsT and DD neutron, for Run 3
e First half of 2014: optimising grids HV. Increased extraction field by 17%

Run 4 started in Sep 2014 after finalising new stable run parameters
e 4 weeks of DD neutron data + 5 days of CH,T data

e So far ~100 live-days of WIMP search data
e March-April: second set of DD + CH;T calibrations

e Aiming for 300 live-days WIMP search (+ calibrations) before June 2016

Prospects
e Expected improvement of a factor of 2 - 4
e 127Xe has disappeared

e Beftter background modelling for Profile Likelihood
Ratio (PLR) analysis

WIMP-nucleon cross section (cmz)
=

\ lx4 7
Y-~ UX (2016)-300 live days

e Improved detector response calibration at very low  * = % oy
energy

The last two last can also be
applied to Run 3 data.
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DD generator

e Double scatters along beam line inside
LUX. Angle gives deposited energy.

=> Absolute calibration of ionisation
response: Qy

 Apply ionisation scale to single scatter
=>

logyo(cts / ecm?)

30
- >
20} o S '
e QQy, measured down 1o 0.8 keVnr i

e L, measured down to 1.2 keVnr

y corrected [cm)]
=
o

Dedicated papers in preparation ‘
For the Run 3 re-analysis used modified LUX o0 0 o i 20 0

x corrected [cm]
Monte Carlo simulatfion (LUXSIim and NEST) with
new Qy and Ly
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' Calibration data: Nuclear Recoil LaX
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LX)

Injection of of CHaT
e Homogeneous P source with Q = 18 keV

e Removal with Tt < 12h
e Safe WIMP search data 5 days after 3 Bg injection

e ERIlight and charge yields vs energy down to ~1 keVee
 Detection efficiency vs energy

e |nformative of the background shape

e Precise determination of ER event “leaks” down into NR S2/S1
region, as a function of S1 from [0.2 - 5] keVee

e Uniformly distributed, used with 83mKr for fiducial volume evaluation

Dedicated papers in preparation
Highly relevant for low mass and alternative searches
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Injection of of CHaT
e Homogeneous P source with Q = 18 keV

e Removal with Tt < 12h
e Safe WIMP search data 5 days after 3 Bg injection

 ERlight and charge yields vs energy down to ~1 keVee
e Detection efficiency vs energy

 |Informative of the background shape

e Precise determination of ER event “leaks” down into NR S2/S1
region, as a function of S1 from [0.2 - 5] keVee

e Uniformly distributed, used with 837Kr for fiducial volume evaluation

Dedicated papers in preparation
Highly relevant for low mass and alternative searches
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9 Additional improvements L)

Small increase to statistics with higher datasets acceptance
Updates to pulse finding algorithm

Updates to position reconstruction algorithm
e Use of photon counting at very low energy
o Update to fiducial volume definition (with CH;T datq)

Non-uniformity of electric field highly studied

Improved fit to calibration data for energy scales S1 (g1) and $2 (g2)
 Updated best-fit light collection and extraction efficiency

Update to Background Model
e More systematic use of sidebands
e Addition of “Wall Events” — mis-reconstructed alphas
e Increased granularity in sources of background
e |Improved rejection of noisy events (“bad area”)

Improved statistical analysis method: Profile Likelihood Ratio with S1, [0g10S2,
I, Z Qs Input parameters, gl and g2 as nuisance parameters

P. Beltrame - University of Edinburgh 17 PATRAS 2015 - Zaragoza, 22 - 26 June 2015



0 bFrocme e e SR g at_e.grl_d .....
— —y— —. ﬂ *'.—. H O YL C0Fe ": ! i
A T A A “-."" -"%: P : :
_.: ° L " 1 1
I ' : :
— 100 117.7 4/- 11~I'(g | :
= n . ".°. . W e 3 : :
) = * « "o 1 | i i
= B « o 1 :
= -8 ¢ o .I | s
£ 200 * v ot ' g 2
— ® e ° e o ; 1 10
© d .. . | l :“"g :2
e e L T e . LUX ERE
SR o ,._,-.,] | Preliminary ; ;
300 e o' 2t Sat Sl S L : :
R R R T T T gy ey S R S I S S I JL .
I . cathode grjd
0 200 400 600
radius® [cm®]
220 T
2 - o
b= ~ Preliminary
3 180f : ’
o :
(&)
I_(")
T 160h
O
§ 140" T TETTTTZ |
";) : : 1 I
& 120} = = — — = e
= . : 1 |
= 7
@ |
X o .
80—
15 16 17 18 19 20 21 22 23 24 25
Fiducial Radius (cm)
P. Beltrame - University of Edinburgh 18

LX)

Because of PLR:

Nno need of NR vs. ER
discrimination

larger fiducial volume range with
an improved background

Background rate of 3.6 +/- 0.3 x 103
single scatters/(keV-kg-day) in low-
energy regime

Kr at 3.5 ppt with RGA. PMT
gamma-rays is the biggest
background

Cosmogenics from surface
decayed away (13'mXe, #"MXe)

Potential fiducial mass increase

PATRAS 2015 - Zaragoza, 22 - 26 June 2015



... preprint coming really soon!

Improved Background Model
understanding
)

Potential gain in fiducial mass,
absolute sensitivity at all ¥ masses

LX)

Energy threshold reduced from 3 keVnr RN\ /
. |' ~—~_~" ZEPLIN Il
(previous Run 3) to 1.2 keVnr || comsie /
» Guaranteed progress at very low "w
Masses o |
\ N100(2012)-225 lveldays
\
< \ ,
N~
’ 0_45 LUX (2013)-85 live days
10' 10° :
P. Beltrame - University of Edinburgh
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A Taste of wider searches in LUX
LUX wide dark matter searches,

beyond the WIMP spin-independent
and spin-dependent interactions

P. Beltrame - University of Edinburgh 20 PATRAS 2015 - Zaragoza, 22 - 26 June 2015



LX)

Light O(1 GeV) vanilla WIMPs

not looking at the scintillation signal

Axion and Axion-like-particles

looking at electron recoll
SubGeV hidden-sector U(1)' models

not looking at at the scintillation signal and looking
at electron recoll

Effective Filed Theory approach

new WIMP-Nucleon Interactions
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9 Light WIMP search L0

41 S

The LUX Run 3 results hard cut-off at 3 keVnr (assuming LXe to be
blind for energy deposit below that)

107"
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Now measurement of LXe ionisation down to 0.75 keV

Decreasing the cut-off to 1 keV provides access to a factor of 1000
(before detector effect) more signal at 6 GeV/c?
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Using ionisation-only searches
Detector “features” lead to difficulties.

Large detectors are harder to build than small detectors

2 2
0 0 R B8esenEel |
FHV | orrommsmrnm e e HHV | srnromsrrnn e e e
GXe £ GXe L. B
(12 o ov ee ----------------------------
O, 1o}
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LXe efe LXe
.
O; e-ee- O,
o Eq Eq
O. O o
HV [ e HV [
OO0CEO0EO0a0 000000000,

Liquid-gas electron
extraction efficiency

Experiment Charge loss to impurities® Experiment

XENON10 XENON10

XENON100 XENON100

LUX LUX
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' Challenge 2: Background L @X

In normal mode (ST and S2), more handles for background identification and
rejection: parficle ID, or vertex position. This is not possible with ionisation-only.

Single electrons: all dual phase LXe DM experiments have observed single e-
background. Very difficult to model.

“Noisy” Region The electrons see a potential barrier at
/ the surface and can get trapped there,

T T to later “Yevaporate” off.
LUX E

Preliminary - O2 impurities that have captured an
electron can be ionised by a Xe
scinfillation photon.

'y

o
X3
|

10 -

pulse rate (Hz)

1

A Xe scintillation photon (7 eV) can
eject an electron from the surface of @
metal (i.e. one of the electrodes).

i

/500 4000

“Quiet” Region

500 1000 1500 2000 2500 3000

acquisition time (ms)

0

Surface Background: 222Rn diffuse into the air and get everywhere. It will then
“plate out” once it decays. The 210Po daughter is problematic: low energy,

heavy projectile, gives small ionisation and scinftillation signals (for which we
don’t yet have measurements).
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2 Why are we interested in axions? LEX
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S

“Invisible” axions could be
QCD axions solving the
strong CPV problem

ALPs (axion-like particles),
introduced from extensions

of the SM, could be dark
matter particles

b BB T

log(c/[cm?])

qqqqqqqqq

6 9 12 15
log (m,,/[ev])
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&) Why are we interested in axions?

LX)

Experimental detection
with xenon

 Axions and ALPs can couple
with electrons (g,.)

e Potential sources:

— Axions come from the Sun

— ALPs slowly move within
our Galaxy

2 2
‘ RY)
OA@ —_ Ope (EA gAe A

Axio-electric effect

sA e-
\\gAe
>—>—> AV. F. T. Avignone et al., Phys. Rev. D 35, 2752 (1987);
>—>5— M. Pospelov et al., Nucl. Rev. D 78, 115012 (2008);
Z* e- 7" e- A. Derevianko et al., Phys. Rev. D 82, 065006 (2010)
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() Axion analyses: Solar LG

& Q-
OINB\>

. . Solar flux from J. Redondo JCAP12, 008 (2013)
Implemented in the LUX analysis.

Exploiting NEST and LUXSIim software xfasoi_ Solar axions, ghect 0E-11 [ -
pO C |<C| ges ..% - —— Signal + Background 1
. . . Lﬁ 60_— ¢95% Signal B} B
Generating the variables for the Profile i ]
Likelihood stafistical. sl 1 B
Solar axion evt density for gAe:1.5e-12, mA:0.0 ; .):7 ' E
20_— : | N
A Ao
2 2.5 3.5 Iog (8251
_g’ § - Soler axlionsl, gAe=1 .(I)E-11
..g : —— Signal + Background
L% 20__5 % :;cnkaglround B
10%' y =
. AFI_I__I_._,_r'_——'—'—-.._
Challenge: precise background model at
lowest ener ossible /////
gy p . //////

30
S1,in detected photons
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. Axion analyses: Galactic LdX

Q.

Implemented in the LUX analysis.

Galactic ALPs, mA=1keV, gAe=1.0E-12
— Signal + Background————————

xploitin an im software 510 F — Background =
Exploiting NEST and LUXS f1 510 -
packages o E
Tiq2f .
Generating the variables for the Profile a2 E
Likelihood stafistical. - §
Galactic axion evt density for gAe:1.5e-13, mA:2.0 10_1: ?;
4:"'|""|""|""|""|""|""|""|""|".14 1072 —éu
3.8 3 .
3.6 |12 10 3
34 . —10
< 28 i ° o Galactic ALPs, mA=1keV, gAe=1.0E-12 |
2.6 4 "UE) i —— Signal + Background |
24 = L%) } — Background
225_ 9 102/ <% Signal _E
.E...|....|....|....|....|....|....|....|....|....0 / .
275 10 15 20 25 30 35 40 45 50 % i
S1c [phe]
To be done: precise detector response “’/// o E
and background model above 5 keVee //// | :
30
S

0 20
S1, in detected photon
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‘Summary L &)X

Re-analysis of original exposure underway. Results soon!
Dedicated DD and tritium papers in preparation,

Widening the DM searches, new analyses of the initial data set
e Spin-dependent neutron and proton

e Solar and galactic axion searches

o S2-only limit for low-mass

o Effective field theory scattering

Working on next, 300-day run. New type of analysis: blind, via salting.
Pushing sensitivity down by factor of 4.

G2 WIMP experiment LUX-ZEPLIN coming (passed DOE CD-1 review)

LUX still strictest [imit on WIMP-nucleon spin-independent intferaction
Cross section across widest range of WIMP masses.
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Thank you
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‘We' can now rejoice even in the falsification of a cherished theory, because
even this is a scientific success.

— Sir John Carew Eccles

In K. R. Popper, Conjectures and Refutations.

But that is not enough...

Thank you
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Backup slides
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Calibration data for

Electron Recoil (ER) and Nuclear Recoll (NR) events
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(a) Tritium ER Calibration
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keVnr: nuclear recoil
keVee: electron equivalent
P. Beltrame - University of Edinburgh
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S1 x,y,z corrected (phe)
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Light Yield [Photons/keV]

-
o

Yields Measured in LUX Fiducial Volume
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9 Single electrons L@

JJ-I
& <
z \,,0

from A. Manalaysay

These observations teach us that multiple mechanisms
contribute to single-electron background signals.

e The electrons see a potential barrier at G +

the surface and can get trapped there,

to later “evaporate” off. LXe
e O, impurities that have captured an \%‘
electron can be ionized byaXe /™ . v

scintillation photon. -
...... > OZ
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& Event energy reconstruction L&X

~ (S1)

E .\ 51, 82 ) ="
— =1 ne —_— S

W k g1 g2 (nu) — <82>

g2

For electronic recoils in xenon W =13.7 eV

Measure S1 and §2; convert to photons and electrons with gains gl and g2

s 5 7.5 700
7'2? W FMKr(50 Viem) .
LUX X 5ol s Best fit: 600
4 Preliminary 2tag 1370 6.5- _="Kr(100 V/cm) g1=0.120+0.002
. 5.05| _B3mMKr(180 Vicm) EE=0.431+0.015 .
2.5 ar
5 > 575) >
©35 L > 1400 &
= 2 2 E 3.9r 127xq, 128My g 131Mxa(180 Viem) =,
% 2 < 5.22 - _ >
2 50 m I 1300 55
> 3 15 W,z LUX 2
= ® a5+ Preliminary 197Cs(180 Vicm) L
1 425+ - 200
25 4t / —o—
T 05 3.75¢- 21Bi(180 Viem) 100
3.5
3.25
22 25 3 35 4 0 6 8 10 12 14 16 18 20 22 24 26 28 30 .
log10(S2/SE [electrons]) S2/(SE*E) [electrons/keV]

12% efficiency for the detection of a primary scintillation photon

43% extraction, coupled with ~25 detected photons per single electron fo make g,
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E S1

_|_
W g1

S2
g2

(n,) =
(ne) =

g1

(52)

g2

&0 Event energy reconstruction

(1)

I, g1
S1/E = ' X ——
/ (n,+n,) W
n, g2

S2/E = X o
/ (ny+n.) W

For electronic recoils in xenon W =13.7 eV

LX)

Measure S1 and §2; convert to photons and electrons with gains gl and g2

4 Preliminary 2ag;  'Cs
T35
=
o
O
D 3
o

25| ..

22 25 3 3.5 4

log10(S2/SE [electrons])

- 1.5

Density

7.5

S1/E [Phe/keV]
s O

P

;oo

.
N
(3

i 127xe, 179X, 131MXe(180 Vicm)
L
- Preliminary 1/3;03(1 80 Viem)
SO ——
214Bi(180 Viem)

Best fit:
g1=0.120+0.002
EE=0.431+0.015

BMK K50 Viem)
e

a3
_BIMKr(100 Vicm)
_BMKr(180 Viem)

6 8 10 12 14 16 18 20 22 24 26 28 30
S2/(SE*E) [electrons/keV]

12% efficiency for the detection of a primary scintillation photon

S
(] (]
Energy [keV]

700

600

- 1500

200

100

0

43% extraction, coupled with ~25 detected photons per single electron fo make g,
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Spin-independent and LD L &)X

WIMP-neutron SlI elastic scattering spectra WIMP-neutron Si elastic scattering spectra
N WIMP mass 50 GeV . WIMP mass 500 GeV
10 " r 10 " r
Standard Sl formulation Standard Sl formulation
sl ™ (Helm form Factor) sl ™ (Helm form Factor)
107 F —_— O1 =1 (scalar Sl operator) 107 F —_0 = 1 (scalar Sl operator)
_05=iS\-(q/mN><v‘) _05=iS\-(q/mev‘)
108+ Og=S -V’ 108} Og=S -V’
_O“=iS\~q/mN _O”=iS\-q/mN

104+ 104+
JE 102+ JE 102+
(0] (0]
= 5 =
3 10°F 3
B B
o ()]
=< -2 =<
g 10 2
c c
=2 32
S 10 S

10
1078
10710
10'12 " " 1 " " 1 3 J 10'12 sl " " 1 " add
10° 10° 102 10° 10° 10’ 102 10°
Recoil energy (keVm) Recoil energy (keVm)

O, (the usual Sl interaction) and O,, both produce an Sl response, but the
spectra have different slopes due to different g-dependence.

O.and Og4each produce both an LD and an Sl response, again with different
g-dependence.

For my,e lOrge, the EFT spectra stay relatively flat out to ~few hundred keV.
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2 Spin-dependent and LSD LG

WIMP-neutron SD elastic scattering spectra WIMP-neutron SD elastic scattering spectra
10 WIMP mass 50 GeV 10 WIMP mass 500 GeV
Standard SD formulation Standard SD formulation
""" (Klos2013 form Factor) === (Klos2013 form Factor)
104+ —0, S - 8, (axial-vector SD operator) 104+ —0, S 8, (axial-vector SD operator)
O (S q/m )(S g/m ) O (S g/m )(S q/m )
2| _og |S (S, q/m) 2| _o .s (S, q/m)
10 _O IS q/m 10 O _|S q/m
O7 SN v’ O = SN v*
10% - — 0, =iS; (a/m x v*) 10% - _O =i, (a/m x v*)
>E >E
o 1072 o 107
e -
= =
3 4 3
o 10 )
= =
2 2
c -6 c
3 10 3
@) @)
108+ ‘
10710+
10-12 | 10'12 L
-14 -14
10 " i " sl " " - 1 i F— add 1 O - " al " - " 1 i " 23
10° 10' 102 10° 10° 10’ 102 10°

Recoil energy (keVm) Recoil energy (keVm)

The two types of SD response (transverse and longitudinal to the momentum
transter q) exhibit distinctly different behaviors.

Again the slope of the spectrum depends on the g-dependence of the
operaftor.

O, (green) is the only LSD operator. Its spectrum increases sharply fo around
50 keV and does not begin to decrease until ~300 keV for heavy WIMPs.
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) Constraints on Representative Operators EE)(&

01 WIMP-N scattering (M) O3 WIMP-N scattering (X' and ®") O5 WIMP-N scattering (M and A)
10°® 10 104

% 10

4 0

5 1010 107

2

()

£ 10712 .

T 10

o~ 1071

10-16 10-8 i 1 ;
10’ 102 10°
WIMP mass (GeV) WIMP mass (GeV) WIMP mass (GeV)
06 WIMP-N scattering (2'") 09 WIMP-p scattering (2')
104}

e XENON

— e CDMS

> ——COUPP

8 100 SIMPLE

= - UX, standard energy window

A O R\ > i O B i LUX, optimized energy window
e 2 %projected , standard energy window

104 % 0 e 10 R 7 e e LZ (projected), optimized energy window

WIMP mass (GeV) WIMP mass (GeV)
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